Estudio de las tensiones inducidas por rayos en redes de distribución aéreas ubicadas sobre terrenos no planos by Soto Ríos, Edison Andrés
Lightning induced voltages study
on overhead distribution networks
placed over non-flat terrains
Edison Andre´s Soto Rı´os
Universidad Nacional de Colombia
Departamento de Ingenier´ıa Ele´ctrica, Electro´nica y Computacio´n
Manizales, Colombia
2014

Estudio de las tensiones inducidas
por rayos en redes de distribucio´n
ae´reas ubicadas sobre terrenos no
planos
Edison Andre´s Soto Rı´os
Tesis presentada como requisito parcial para optar al t´ıtulo de:
Doctor en Ingenier´ıa - L´ınea Automa´tica
Director:
(Ph.D.) Ernesto Pe´rez Gonza´lez
L´ınea de Investigacio´n:
Compatibillidad Electromagne´tica
Universidad Nacional de Colombia
Departamento de Ingenier´ıa Ele´ctrica, Electro´nica y Computacio´n
Manizales, Colombia
2014

Dedicatoria
A mi padre por su intere´s y apoyo en todo en
cuanto hago.
A mi madre por ser la confidente y la aliada de
todos mis proyectos.
A mi hermano por ser siempre un gran respaldo
para mı´
A mi linda Evelyn por ser la fuente de
inimaginable alegr´ıa para nuestra familia.
A mi t´ıa Carmen por estar siempre pendiente de
mı´.
A Jorge por ser mi t´ıo y amigo.

Acknowledgments
A COLCIENCIAS y al estado colombiano por permitirme llegar a este alto
grado de formacio´n. Este apoyo a los doctorados es un gran incentivo a la ciencia,
la tecnolog´ıa y la innovacio´n y se debe mantener y apoyar para el progreso de
nuestra nacio´n.
A Ernesto por su dedicacio´n y compromiso en la direccio´n de la tesis. Su
incondicional apoyo me ayudo´ a no desfallecer en la realizacio´n de esta tesis.
Al profesor Eduardo Cano por vincularme a los proyectos de extensio´n de la
Universidad. Fue una buena oportunidad para aplicar lo aprendido.
A Ana Mar´ıa Castrillo´n por facilitarme los co´digos FDTD de conductor delgado
desarrollados en su tesis de maestr´ıa.
A Andre´s Felipe Guerrero por su gran colaboracio´n en la construccio´n de la
fuente pulsada.
A mis amigos y colegas Diego del R´ıo y Juan Diego por las buenas discusiones
sostenidas y los buenos momentos.
A Sebastia´n y a Hugo por su buena amistad.
A los amigos del curso del portugue´s.
A Camilo Younes por estar ah´ı siempre que lo necesite´.
A la facultad de Ingenier´ıa y al Departamento de Ele´ctrica, Electro´nica y
Computacio´n por el respaldo brindado para eventos internacionales y otras
actividades.
A Sonia por su ayuda en todos los tra´mites del posgrado.
A todas las personas que me ayudaron en la Universidad Nacional - Sede
Medell´ın, especialmente a Sebastia´n y a Luisa:
Al profesor Freddy Bolan˜os por su valiosa ayuda en el disen˜o de la fuente de
tensio´n pulsada.
Al profesor Nelson Vanegas del departamento de Ingenier´ıa Meca´nica por su
generosa ayuda en el disen˜o y la construccio´n del soporte meca´nico para el
modelo a escala.
Al grupo GIMEL de la Universidad de Antioquia por proveernos la sonda de
corriente para la medicio´n del mo´delo a escala.
A Aldemar del laboratorio de electro´nica por su amable colaboracio´n en el
suministro de equipos y dispositivos.
Al profesor Javier Herrera por su orientacio´n en el disen˜o del modelo a escala.
A todos quienes me apoyaron en mi estad´ıa en Belo Horizonte - Brasil:
Al profesor Silverio Visacro por su calidez humana y colaboracio´n en el desarrollo
del proyecto de medicio´n en el Morro do Cachimbo.
A Miguel Guimaraes por su generosa ayuda en la construccio´n del dispositivo
de medicio´n y por integrarme en la Universidad Federal de Minas Gerais.
A Alberto De Conti y Fernando Silveira por acogerme en su universidad y estar
siempre prestos a ayudarme.
viii
A Daniel Aranguren y al equipo de KERAUNOS por acogerme y permitirme
aprender mucho ma´s sobre los rayos. Tambie´n por proveerme la informacio´n de
rayos presentada en el cap´ıtulo 5.
A todas las personas que hicieron posible que llegara a escribir esta tesis.
ix

Resumen
T´ıtulo en espan˜ol: Estudio de las tensiones inducidas por rayos en redes de
distribucio´n ae´reas ubicadas sobre terrenos no planos
Esta tesis se enmarca dentro de la proteccio´n de sistemas ele´ctricos contra los efectos
del rayo. Se pretende estudiar el efecto que tienen las montan˜as en la magnitud y
forma de onda de las tensiones inducidas por rayo en redes de distribucio´n. Para
esto, primero, se hizo una revisio´n rigurosa de la literatura en el campo de tensiones
inducidas de rayo. Se encontro´ que la mayor´ıa de los trabajos hechos sobre el tema
hab´ıan sido realizados para terreno plano. La primera aproximacio´n propuesta para
calcular tensiones inducidas por rayo sobre terrenos no planos fue el me´todo de
diferencias finitas (FDTD, por sus siglas en ingle´s) en 2D en coordenadas cil´ındricas.
As´ı, se simularon terrenos co´nicos con l´ıneas ae´reas paralelas a estos terrenos. El
resultado fue un considerable incremento de las tensiones inducidas especialmente
cuando la pendiente era mayor y la conductividad del terreno baja. Para considerar
configuraciones ma´s realistas, se programo´ el me´todo FDTD en 3D. Con este se
simularon 3 configuraciones de terreno no plano. Para este caso se usaron dos metodolo-
g´ıas: el mo´delo de l´ınea de transmisi´ıon y el modelo de conductor delgado. Con el fin de
validar los co´digos nume´ricos desarrollados, se construyo´ un modelo a escala reducido,
basado en la experiencia internacional, pero en este caso cambiando la geometr´ıa del
terreno, para considerar su influencia. Se encontro´ para las configuraciones construidas
en el modelo a escala reducida un buen ajuste entre mediciones y simulaciones, lo cual
valida los co´digos nume´ricos desarrollados. Con el fin de medir tensiones inducidas
en redes de distribucio´n sobre montan˜as, se construyo´ un dispositivo auto´nomo de
energ´ıa con conexio´n a internet para medir tensiones inducidas por rayo en una
l´ınea de distribucio´n cercana a la torre instrumentada de la estacio´n del Morro do
Cachimbo de la Universidad Federal de Minas Gerais en Brasil. Finalmente, una
l´ınea de distribucio´n real en Colombia fue escogida para analizarse el efecto de las
xi
montan˜as en las tensiones inducidas en estas l´ıneas. Se encontro´ que las tensiones
sobre los relieves ma´s t´ıpicamente encontrados en estos circuitos son enormemente
afectadas por la pendiente y el perfil de la l´ınea. Las magnitudes de las tensiones
inducidas de acuerdo a las simulaciones hechas esta´n entre 3.7 y 5.1 veces los valores
t´ıpicos encontrados para terreno plano. Se recomienda incluir el efecto del terreno en
un estudio anal´ıtico como el de MonteCarlo desarrollado en el esta´ndar IEEE 1410.
Palabras Clave: Rayos, Tensiones Inducidas, L´ıneas de distribucio´n Terrenos no
planos, Montan˜as, FDTD, Modelo a escala, validacio´n, Morro do Cachimbo,
Topograf´ıa.
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Abstract
English Title: Lightning induced voltages study on overhead distribution networks
placed over non-flat terrains
This thesis is related with the protection of electrical systems against the effect of
lightning. The purpose is to analyse the effect of the mountains on the magnitude and
wave-shape of lightning induced voltages on distribution networks. First, a revision
of the literature in the field of lightning induced voltages is done. It is found that
the majority of the works available on literature consider flat ground. The first
approximation proposed in this thesis to calculate lightning induced voltages on
non-flat terrains is based on the Finite Difference Time domain method (FDTD) in
2D dimensional cylindrical coordinates. For this reason, conic terrains accompanied of
overhead lines parallels to this terrains were simulated. The result was a considerable
increase of the induced voltage specially when the slope of the terrain is higher and the
conductivity smaller. In order to consider more realistic topographies, a 3D-FDTD
method was programmed. Three configurations of non-flat terrains were simulated.
In this case, two methodologies were employed: transmission line model (TLM) and
Full Wave analysis (FWA). With the aim to validate the developed numerical codes,
a reduced scale model was constructed, based on the international experience, but in
this case changing the geometry of the terrain, in order to consider its influence. It
was found for the built configurations in the reduced scale model a good agreement
between simulations and measurements, which validates the developed numerical
codes. With the aim to measure lightning induced voltages on distribution networks
located on mountains, an autonomous of energy and connected to internet device
was designed and constructed with the aim to measure lightning induced voltages
caused by direct strikes to the instrumented tower at Morro do Cachimbo Station
of the Federal University of Minas Gerais - Brazil. Finally, a real distribution circuit
in Colombia was chosen to analyse the effect of the mountains on lightning induced
xiii
voltages on this lines. It was found that the induced voltages on the relief more
typically found in those circuits are significantly affected by the slope and the profile
of the terrain. The magnitudes of the induced voltages according to the performed
simulations were between 3.7 and 5.1 times the typical values found for flat-terrains
simulations. A recommendation is made to include the effect of the terrain in an
analytical study as the Monte Carlo method developed in the IEEE 1410 Standard.
Keywords: Lightning, Induced voltages, Distribution Lines, Non-Flat terrains,
Mountains, FDTD, Reduced Scale Model, Validation, Morro do Cachimbo,
topography
xiv
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Nomenclature
i(z
′
, t) : Current in the strike object and lightning return-stroke channel at height z.
z
′
: Variable of the height along the channel.
λ: Decay constant which allows the current to reduce its amplitude with height.
H : Length of the lightning return-stroke channel.
c: Speed of light in free space.
v : Lightning return stroke wave-front velocity;
h: Height of the strike object.
[V si (x, t)]: Matrix of the scattered voltage vector
[Vi(x, t)](x, t)]: Matrix of the total voltage vector.
[V ei (x, t)]: Matrix of the exciting (or incident) voltage vector.
Ii(x, t): Matrix of the current vector along the overhead line.
∆z: Spatial discretization interval along the z-axis in the 2-D FDTD integration
scheme.
∆r: Spatial discretization interval in the radial direction in the 2-D FDTD integration
scheme.
hp: Height of conductor p above ground.
Eez(x, 0, t): Vector of the vertical component of the incident electric field.
Er: Horizontal component of the lightning generated electric field.
Ez: Vertical component of the lightning generated electric field.
Hϕ: Horizontal component of the lightning generated magnetic field.
r: The radial distance to the calculation point
R: Distance between the infinitesimal source and calculation point
∆t: Time discretization interval.
[Lij]: Per-unit-length inductance matrix of the line.
[Cij]: Per-unit-length capacitance matrix of the line.
[Rij]: Transient ground resistance matrix.
[R0], [RL]: Matrices of resistances at the line terminations.
σ: Conductivity of the medium.
ε: Permittivity of the medium.
µ0: Permeability of free space.
ε0: Permittivity of free space.
σg: Conductivity of the earth.
εrg: Relative permittivity of the earth.
Eu: Electric field component in u-axis.
Hu: Magnetic field component in u-axis.
ςiu: Electric current density vector in u-axis
Miu: Magnetic current density vector in u-axis
∆u: Spatial discretization interval in u-axis in the 3-D FDTD integration scheme.
σm: Magnetic conductivity in Ω/m
σe: Electric conductivity in S/m.
σu: Electric conductivity in u direction.
εu Permittivity in u direction.
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Introduction
Lightning is the cause of almost the 50 % of the electromagnetic disturbances and
between the 70 and 80 % of the power quality problems in electrical networks [1].
Therefore it is important to design adequately electrical systems that could handle
lightning efects, achieving good power quality indexes.
The distribution networks are affected enormously by lightning. A distribution line
can present outage due to direct or indirect impacts. Both types of strikes could
cause insulation flashover, but due to the limited height and low insulation level of
distribution networks, the most frequent events that can affect in a greater manner the
performance of the distribution lines are the indirect strikes [2]. The lightning induced
transients cause several disturbances on distribution networks which deteriorate the
power quality to final consumer. Most of the disturbances are related with voltage
sags subsequent to insulator chains flashovers and/or failures due to severe damages
of power system components. It is important to improve the behaviour of distribution
networks against lightning effects. For this, it is necessary to adjust the existent models
for lightning induced voltages calculation, in order to include all parameters that can
affect the performance of these lines.
One of the factors that is important to take into account when a simulation of lightning
induced voltages is carried out, is the geometry of the terrain where the line is located.
This is due to the reflections produced on the lightning electromagnetic wave near
to a non- flat ground, in a similar way as the ground conductivity can affect the
electric and magnetic fields produced by lightning [3]. Traditionally, the influence of
the terrain has been neglected in the majority of the studies of lightning induced
voltages [4][5][6][7]. Nevertheless, there are many distribution networks that cross
mountains in places as the Andean and the Alpes Region, in which the geometry of
the terrain is so irregular that it is possible that significant differences on lightning
induced voltages could be found. For this reason, this research focuses on analysing the
effect that the non-flat ground has in the lightning induced voltages calculation and
measurements in comparison with the traditional flat ground assumption. This work
contributes to improve the performance of distribution networks against lightning on
mountains regions.
This thesis is organized in six chapters as follows: the first one reviews the models
used to calculate lightning induced voltages on flat terrains, the second one shows
calculation of lightning induced voltages considering some non-flat terrains configura
-tions using 2D and 3D FDTD method. The third chapter shows the design and
construction of a reduced scale model to measure induced voltages on lines above
non-flat ground. Chapter four presents an autonomous device constructed to measure
lightning induced voltages on distribution lines located near a lightning strike. Chapter
V shows the simulation of induced voltages on distribution lines located on real
mountains in Colombia. Finally, the last chapter presents the Conclusions, Achievements
and Future Works.
2
1. Lightning induced voltages on
distribution networks over flat
terrains
1.1. Introduction
In this chapter, a revision of the main works developed in the field of lightning induced
voltages are presented. First it is described the general methodology to calculate
induced voltages, then it is presented the modelling of the return stroke current, the
electromagnetic field calculation and two approaches to calculate the induced voltage:
the transmission line model and the full-wave analysis. Finally, the methodologies to
measure lightning induced voltages are presented.
1.2. Lightning Induced Voltages Calculation
The initial studies about lightning induced voltages established the electrostatic
charge as the induction source stored in the thundercloud. Later, Wagner and MaCann
[8] established that the induced voltages are produced mainly by the electromagnetic
field produced by the return stroke. The first model that used the transmission
line model to describe the electromagnetic induction due to the return stroke on
a distribution line was the one created by Rusck [9]. Rusck deduced also an analytical
equation to calculate the maximum induced voltage on an infinite line without losses
over an infinitely conducting flat ground plane. Other coupling models based on
transmission line equations were proposed later by several authors, the most known
are: Agrawal, Price and Gurbaxani [10], Taylor, Scatterwhite, and Harrison [11],
Rachidi [12] and Chowdhuri [13]. Nowadays, the Agrawal coupling model is the most
accepted in the literature because it is easier to implement and has been successfully
validated experimentally.
Currently, the calculation of lightning induced voltages following the transmission
line approach consider these steps [4]:
To adopt a spatial-temporal distribution of the current along the channel i(z
′
, t).
On the basis of the return stroke current, the electromagnetic field is calculated
along the distribution line.
The electromagnetic field along the line is used in the coupling model to calculate
the voltage on the line.
1.2.1. Models to describe the return stroke current
The models used to describe mathematically the spatial−temporal distribution of
the current have been summarized by Rakov and Uman [14] as: a) the gas dynamic
models, b) electromagnetic models, c) distributed-circuit models, and d) engineering
models.
The engineering models are the most used for lightning induced voltage calculation.
These models have been used to predict remote electromagnetic fields [15]. In these
models, the current along the channel is related with the current at channel-base,
which is the variable that can be measured experimentally. Due to their simplicity,
the engineering models are usually preferred over the remaining classes of return
strokes models. Some examples of these models are: the Bruce and Golde’s Model,
the transmission line model (TLM), the travelling current source model (TCS), the
modified transmission line model (MTL), the Diendorfer and Uman (DU) model and
Cooray’s model. For lightning induced voltages calculation, MTL’s and TL’s types
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predict acceptable results and for this reason, it will be employed throughout this
thesis.
The Transmission Line (TL) model: It is assumed that current travels up along the
channel without attenuation and distortion, at a constant speed v. It can be expressed
as::
i(z
′
, t) = i(0, t− z
′
v
) z
′
< vt (1-1)
i(z
′
, t) = 0 z
′
< vt (1-2)
where:
v is the lightning return stroke wave-front velocity;
z
′
is the variable of the height along the channel.
The Modified Transmission Line Exponential decay (MTLE) model. In this model, the
current along the channel decreases exponentially while propagating up the channel.
It can be expressed by:
i(z
′
, t) = i(0, t− z
′
v
) ∗ e− z
′
λ z
′
< vt (1-3)
i(z
′
, t) = 0 z
′
< vt (1-4)
where
v is the return-stroke velocity;
λ is the decay constant which allows the current to reduce its amplitude with height.
1.2.2. Lightning Electromagnetic Field Calculation
According to Rakov and Rachidi [16] lightning electromagnetic can be calculated
by means of three different approaches, both above and below the earth surface: 1)
5
numerical solution of the exact equations through dedicated algorithms; 2) numerical
solution of the MaxwellaˆTMs equations using numerical methods, such as FDTD or
the method of moments (MoM); and 3) use of simplified equations.
1.2.2.1. Use of dedicated algorithms
The Sommerfeld equations [17] allows the computation of the electromagnetic field
radiated from a dipole over a finitely conducting half space. Nevertheless, those
equations are highly oscillatory and hard to evaluate numerically [16]. Recently,
Delfino et al [18] have developed efficients algorithms to solve the Sommerfeld equations
The algorithm was used, in particular, to test the validity of simplified approaches
[16]
1.2.2.2. Numerical Solutions
Several numerical methods have been used to calculate the electromagnetic field
radiated by lightning, the Finite difference Time Domain Method (FDTD) [19, 20,
21, 22], the Method of Moments (MoM) [23, 24] and the Finite Element Method
(FEM) [25, 26]have been popular for that purpose. The Hybrid electromagnetic model
(HEM) also has been used in transient electromagnetic problems [27]. In the case
of the FDTD method, Sartori and Cardoso [19] have proposed a hybrid method to
calculate the LEMP (Lightning Electromagnetic Pulse) based partially on FDTD. The
magnetic field is calculated by an analytical formula that considers each dipole with
a spatial−temporal distribution of the current to be a step function. The magnetic
field is used in the FDTD equations to calculate the electric fields. The 1-D FDTD
method has been widely used to calculate lightning induced voltages on overhead wires
[4][5][6][7][28]. Yang [20] presents FDTD equations in 2D-cylindrical coordinates to
calculate the electromagnetic field by a vertical lightning channel. Later, other authors
used those equations: Mimouni et al [29] calculates the electromagnetic field to several
depths of a terrain, considering different conductivities. In [30] the electromagnetic
field near a tower striked by lightning is calculated above and below of a terrain
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with finite conductivity. The 3D-FDTD method has been widely used to calculate
electromagnetic fields [31] and lightning induced voltages [7][32]. The MoMs has been
applied to the calculation of electromagnetic fields produced by inclined lightning
channels [23] and to analyse lightning current in tall structures [24]. The MoM
have been extensively applied to the calculation of electromagnetic fields radiated by
lightning, within the so-called antenna theory (AT) models in which the return-stroke
channel is represented using thin wires [16].
1.2.2.3. Use of simplified equations
The expressions for the electromagnetic field radiated from a straight vertical antenna
above a perfectly conducting flat ground plane (See Fig. 1-1) in the time-domain were
presented by Master and Uman[33]:
dEr =
dz
′
4piε
[
3r(z − z′)
R5
∫
i(z
′
, t−R/c)dτ
+
3r(z − z′)
cR4
i(z
′
, t−R/c)] + r(z − z
′
)
c2R3
∂i(z
′
, t−R/c)
∂t
]
(1-5)
dEz =
dz
′
4piε
[
2z(z − z′)2 − r2
R5
∫
i(z
′
, t−R/c)dτ
+
2z(z − z′)2 − r2
cR4
i(z
′
, t−R/c)]− r
2
c2R3
∂i(z
′
, t−R/c)
∂t
]
(1-6)
dHϕ =
1
4pi
[
r
cR2
∂i(z
′
, t−R/c)
∂t
+
r
R3
i(z
′
, t−R/c)]dz′ (1-7)
Where:
i(z
′
, t) is the current in the strike object and lightning return-stroke channel at height
z.
z
′
is the variable of the height along the channel.
H : is the length of the lightning return-stroke channel.
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Figure 1-1.: A straight vertical antenna of height H above a perfectly conducting
flat ground plane
c: is the speed of light in free space.
The assumption of perfect ground conductivity in the equations 1-5, 1-6 and 1-7
is reasonable for the vertical electrical field and the azimuthal magnetic field for
distances not exceeding several kilometres, nevertheless the horizontal electrical field
has significant variations in magnitude and polarity [34]. Although, the horizontal
component of the electric field is smaller than the vertical one, the horizontal component
plays an important role on certain TL coupling models. For this reason its calculation
requires to be more accurate [4]. To take into account finite ground conductivity on
horizontal electric field component, Cooray-Rubinstein [35][36] proposed and approximate
8
formula. The Cooray-Rubinstein approximation is given by:
Er(r, z, jω) = Erp(r, z, jω)−Hϕ,p(r, z = 0, jω)1 + j
σgδ
(1-8)
Where: p: is a subscript that establish that the field is for infinite conductivity //
εrg is the relative permittivity of the ground // σg is the ground conductivity // µg
is the ground permeability // δ is the skin deep factor (
√
2/ωµgσg) // Erp(r, z, jω)
and Hϕ,p(r, z = 0, jω) are the Fourier transform of the horizontal components of the
electric field at a height z and of the azimuthal component of the magnetic field
to ground level, respectively. Both are calculated assuming a perfectly conducting
ground.
Some observations have been done to the Cooray-Rubinstein formula. For example,
it is important to include propagation effects in the magnetic field used in the CR
formula, except at very close distance ranges for which propagation effects over a lossy
ground can be neglected. Also, the assumption of a perfectly conducting ground for
the evaluation of the magnetic field at ground level might lead to inaccuracies in the
Cooray formula. [37]. On the other hand, the difficulty of calculating electromagnetic
fields in frequency-domain was solved in [38] by means of a rational approximation of
the impedance term appearing in the CR formula which lead to a simple time domain
implementation of this formula.
Thottappillil and Rakov [39] compared the lightning electromagnetic fields obtained
by three different approaches: the dipole (Lorentz condition) technique and two
versions of the monopole (continuity equation) technique. The results show that
the total electric field is the same for the three techniques, however each known
components of the field, the electrostatic, induction and radiation ones are different
for each technique. A similar comparison is done by Rubinstein and Uman [40]. Also,
the authors developed expressions of the electromagnetic field for a spatialaˆ“temporal
distribution of the current given for a step function for both techniques: dipole and
monopole technique.
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Thottappillil et al [41] derived a formula that allows the calculation of electric and
magnetic fields for a return stroke with a velocity equal to the speed of light (v = c).
The fields Ez and Hϕ are as follows:
Ez(d, t) =
I(0, t− d/c)
2piε0cd
(1-9)
Hϕ(d, t) =
I(0, t− d/c)
2Πd
(1-10)
Two main methodologies have been used to calculate lightning induced voltages on
power lines: i) A transmission line approach and ii) Full-wave analysis. The latter can
avoid the uncertainties of the approximations done in the former.
In the first approximation, the procedure consists in obtaining the electromagnetic
field by means of analytical formulas, and the induced voltage is computed by means
of an appropriate coupling model [4, 10]. In the second, a numerical method is
employed to calculate both: the electromagnetic field and induced voltage. The second
methodology could be harder, because it requires a long computational time, specially
when statistical studies are desired.
1.2.3. Calculation of lightning induced voltages by the
Transmission Line Approach
One of the assumptions of transmission line (TL) theory is that the transversal
dimensions of the line must be electrically small, so that propagation occurs only
along the line axis. If this is the case, the line can be represented by distributed
parameters. The other assumption is that the response of the line is quasi−transverse
electromagnetic (quasi-TEM,) which means that the electromagnetic field along the
line is confined in the transverse plane and perpendicular to the line axis. Finally,
the TL theory assumes that the sum of line currents at any cross-section of the line
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is zero. In other words, the ground - the reference conductor - is the return path for
the currents in the n overhead conductors [15] which implies neglecting the so-called
aˆœantenna-modeaˆ currents [42].
For uniform transmission lines with electrically small cross sectional dimensions (not
exceeding about one-tenth of the minimum significant wavelength of the exciting
electromagnetic field), some theoretical and experimental studies have shown good
agreement between Transmission Line approximation and antenna theory ([15][42]).
The models based on transmission line theory for calculating the induced voltages and
currents due to external electromagnetic fields are commonly called coupling models.
Some coupling models have been proposed: the Rusck model [9], The Chowdhuri
and Gross Model [13], The Agrawal, Price and Gurbaxani model [10], the Taylor
Satterwhite and Harrison [11] model and the Rachidi Model [12][15]. Rusck proposed
a simple analytical formula for the calculation of the maximum value of the induced
overvoltages at the point of the line nearest the stroke location. It applies to the case
of an infinitely long single line above a perfectly conducting ground:
V0 =
Z0I0h
y
{1 + v√
2 · c2 − v2} (1-11)
Where:
Z0 =
1
4pi
√
µ0
ε0
∼= 30Ω
h : Height of the line [m]
I0 : Amplitude of the return stroke current assumed to be a step function [kA]
y : Distance to the stroke location [m]
v : Return stroke speed [m/µs]
c : speed of light [m/µs]
The models of Rusck and Chowdhuri-Gross omitted some sources terms, while the
Agrawal model uses as source term the tangential electric field to the line. It is the only
one that is rigorous in the limits of the transmission line theory, independently from
the electromagnetic field source . The Taylor et al model uses two forcing functions:
the transverse magnetic induction and the exciting vertical electric field. It has been
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used especially to calculate the interaction between nuclear electromagnetic pulse
(NEMP) and transmission lines. The Rachidi Model [12] uses as forcing function only
the exciting magnetic field components.
In general, the Agrawal coupling model has been the most widely used in literature for
two reasons: first, because the source terms are given by the tangential electric field to
the line and its evaluation does not require any differentiation or integration, second,
because the source terms are expressed in the same way when taking into account
the finite ground conductivity [42]. Furthermore, this method has been successfully
validated experimentally.
Some improvements have been done to the Rusck formula in the so-called extended
RusckaˆTMs model which includes the finite ground conductivity [43][44].
1.2.4. Full-wave analysis
This technique also known as NEA (Numerical electromagnetic analysis) or as the
Thin Wire Model (TWM) consists of the calculation of both electromagnetic fields
and induced voltages by means of a chosen numerical method such as the Finite
Element Method [26] and the FDTD method [7, 45, 46]
The first method of thin wire model was the proposed by Umashankar [47], by
correcting the adjacent magnetic fields to the wire. The method was valid for the
radiated fields by an antenna. Nevertheless, the method is inaccurate for the calculation
of the surge impedance according to Noda et al [48] who proposes one method that
corrects both the adjacent electric and magnetic fields of the wire. In [45] et al analyses
the error in propagation velocity due to the staircase approximation of an inclined
thin wire in the FDTD surge simulation.
Later, the model has been used to predict lightning induced voltages due to nearby
tall grounded objects [7]. Other calculation has used a time-domain full-wave Finite
Element Method (FEM) for calculation of lightning induced voltages [26].
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1.2.5. Progress on lightning induced voltages modelling
In addition to the works presented previously, other researches have been conducted
in the field of lightning induced voltages, such as: the study of multi-conductor lines
[3], the inclusion of complex topologies [49][50][51][52], the effect of multi-grounded
ground wires and surge arresters, the influence of non-linear channel resistance on
induced voltages [53], the effect of inclined lightning channels [23, 54, 55, 56, 57]
and the influence of nearby objects, such as trees [58], tall grounded objects [7]
and buildings studies on lightning performance of distribution line, considering the
insulation breakdown [59] and statistical studies [60]. In general, the previous studies
about lightning induced voltages modelling have considered the terrain as flat.
1.3. Measurements of lightning induced voltages
The works developed on lightning induced voltage measurements can be divided in
two: a) those obtained from nearby direct strikes and b) those performed on reduced
scale models.
Related with works a), in 1982, Erickson [61] measured in South Africa, induced
over-voltages on a three-phase line, with a length of 10 km. In 1983, Yokoyama et al.
[62] experimented on a line 820 m in length. These works reveals the shielding effect on
induced voltages. In Tampa Bay zone in Florida, Master et al [63] performed the first
measurements of electric and magnetic fields and induced voltages on an unenergized
460 m line. In Chiapas (Mexico), De la Rosa et al. [64] performed more than 70
measurements of induced voltages. The contribution of this work was the knowledge
of importance of the horizontal electric field component on lightning induced voltage.
Barker et al [65] measured induced voltages on an de-energized distribution line caused
by rocket triggered lightning flashes In Colombia, Perez et al [51] performed the first
measurements of induced voltages on an energized distribution network.
Related with category b): reduced scale models, the first work was developed by
Yokoyama in 1984 [66]. He constructed a reduced scale model with a scale factor
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1:200. He compared the influence of multi-grounded ground wires theoretically and
experimentally. In Brazil, Boaventura et al [67] constructed a reduced scale model to
verify the influence of the soil resistivity on induced voltages. In Italy, Paolone et al
[2] constructed a reduced scale model called SEMIRAMIS, with a working space of 3
m x 1 m x 1 m. The model contains single-phase and three-phase line. They studied
the effect of multi-grounded shielding wires and surge arresters on the magnitude of
induced voltages produced by lightning. Finally, Piantini et al. [68] built a reduced
scale model, with a scale factor 1:50, with transformers, surge arresters (DPS) and
some buildings represented as aluminium structures connected to the ground. The
aim of this work was to verify the influence of nearby buildings on induced voltages
on distribution networks, the experiment allowed to validate the LIOV-EMTP codes.
It could be observed that the measurements of lightning induced voltages have been
done on distribution lines located above flat terrains.
1.4. Procedure for evaluation of lightning
performance of distribution networks
The first author who developed a methodology for the estimation of flashover rates
of overhead distribution lines was Chowdhuri [69]. He proposed a statistical analysis
based on the variation of the peak current and the front time as log-normal distributions
established by CIGRE, to estimate the zone close to the line where an indirect stroke
could cause flashover to the line. Additionally, it considers the effect of the flash
ground density. The methodology was adopted for the IEEE 1410 standard in its 1997
and 2004 version, evaluating the induced voltage by means of the Rusck formula [9].
Borghetti et al [5] proposed some additional improvements to the methodology. For
example, the lightning induced voltage was calculated by the use of a computational
software called LIOV-code instead of the simplified Rusck formula. It allowed the
inclusion of the finite ground conductivity which leads to considerable variations
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respect the assumption of infinite conductivity of the Rusck formula. The methodology
of Borghetti et al [5] was adopted by the IEEE 1410-2010 standard [70].
Based on the last methodology, the effect of complex topologies on lightning performance
of overhead lines was done in [50]. Aditionally, the consideration of the insulation
breakdown on lightning perfomance of distribution lines was done in [59]
Until today, the assessment of overhead line indirect lightning performance have been
done considering that the terrains below the line is flat.
1.5. Conclusions
The reviewed methodologies to calculate electromagnetic fields shows that the analytical
approaches such as the Sommerfeld Integrals or the Master and Uman equations
considers flat terrain. On the other hand, the numerical methods have used the flat
assumption to calculate electric and magnetic fields produced by lightning.
The works devoted to calculate lightning induced voltages by means of coupling
models and full wave analysis have calculated induced voltages on overhead lines
located on flat ground.
Regarding the measurements of induced voltages on reduced scale models and real
networks have been done on lines located on flat terrains.
The general feature of the works presented in this bibliographic revision is that
modelling, and experiments around induced voltages produced by lightning consider
the terrain below the line as flat. Some efforts need to be done in order to obtain
induced voltages on distribution lines located near non-flat terrains and mountains.
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2. Lightning induced voltages over
non-flat terrains by means of the
FDTD method
2.1. Introduction
The current problem of calculating lightning induced voltages requires the use of a
suitable numerical method that allows the calculation of the electromagnetic fields
radiated by lightning and the simulation of some topographies where the distribution
line is located. In this thesis, the Finite Difference Time Domain (FDTD) was chosen,
due to its simplicity to develop computer codes and for its demonstrated good results
to calculate lightning induced voltages [20][7][71][72][73][74].
The FDTD algorithm divides a region in a spatial grid locating the electric and
magnetic fields in discrete positions and it solves the Maxwell equations at determined
time steps. The method proposed by Yee [75] takes advantage of the coupling between
the electric and magnetic fields. Maxwell equations are represented in a grid where
each electric field is surrounded by four components of magnetic fields (Ampe´re-Maxwell
law) and each magnetic field is surrounded by four components of electric fields
(Faraday Law), as it can be seen in Fig. 2.1.1 for a Yee Cell in cylindrical coordinates.
The algorithm transforms the differential Maxwell equations in finite-difference equations
using central-difference approximations. The resulting equations are solved in a leapfrog
manner: the electric fields are calculated at integer time steps intervals and the
magnetic fields are calculated in the next half of time step, repeating the procedure
until the expected results are found. [76][77].
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Figure 2.1.1.: Yee cell in cylindrical coordinates. Adapted from [76]
In this chapter, the implementation of two strategies for calculating lightning induced
voltages using FDTD are presented. First it is presented a 2D-FDTD approach and
then a 3D FDTD approach
2.2. Lightning induced calculation on non flat
terrains using 2D-FDTD approach
This section discusses the calculation of lightning induced voltages on distribution
lines located on a non-flat terrain by means of a three dimensional (3D) finite difference
scheme derived by Yee for cylindrical coordinates. The use of a 2D FDTD scheme
instead of a 3D one makes it possible to reduce the computational time considerably.
For the application of the method, it is necessary the existence of symmetry in the
azimuthal direction (ϕ in cylindrical coordinates) of the simulated structure and of
the computed electromagnetic wave. Considering that the derivatives in ϕ direction
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are null, and that electric or magnetic sources are not present, Maxwell’s equations
(Faraday and Ampe´re-Maxwell) for the three cylindrical coordinates (ϕ , r and z) are
respectively [77]:
∂Hr
∂z
− ∂Hz
∂r
= ε
∂Eϕ
∂t
+ σeEϕ (2-1)
−∂Hϕ
∂z
= ε
∂Er
∂t
+ σeEr (2-2)
1
r
∂(rHϕ)
∂r
= ε
∂Ez
∂t
+ σeEz (2-3)
∂Er
∂z
− ∂Ez
∂r
= −µ∂Hϕ
∂t
− σmHϕ (2-4)
−∂Eϕ
∂z
= −µ∂Hr
∂t
− σmHr (2-5)
1
r
∂(rEϕ)
∂r
= −µ∂Hz
∂t
− σmHz (2-6)
The equations 2-2, 2-3 and 2-4 that depend of the fields Er, Ez and Hϕ are the
transversal electric mode respect to ϕ (TEϕ), while the other equations 2-1, 2-5 and
2-6 are the transversal magnetic mode (TMϕ).
The discretization of TEϕ mode is as follows [20]:
En+1r (i+ 1/2, j) =
2εr −∆tσr
2εr + ∆tσr
Enr (i+ 1/2, j)−
2∆t
(2εr + ∆tσr)∆z
∗
{Hn+
1
2
ϕ (i+ 1/2, j + 1/2)−Hn+
1
2
ϕ (i+ 1/2, j − 1/2)}
(2-7)
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En+1z (i, j + 1/2) =
2εz −∆tσz
2εz + ∆tσz
Enz (i, j + 1/2) +
2∆t
(2εz + ∆tσz)ri∆r
∗
{ri+1/2Hn+
1
2
ϕ (i+ 1/2, j + 1/2)− ri−1/2Hn+
1
2
ϕ (i− 1/2, j + 1/2)}
(2-8)
Hn+1/2ϕ (i+ 1/2, j + 1/2) = H
n−1/2
ϕ (i+ 1/2, j + 1/2) +
∆t
µ∆r
{Enz (i+ 1, j + 1/2)− Enz (i, j + 1/2)}
− ∆t
µ∆r
{Enr (i+ 1/2, j + 1)− Enr (i+ 1/2, j)}
(2-9)
A graphical representation of the updating equations of the 2D-FDTD method are
shown in Fig. 2.2.1
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H
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i
i i +1
Figure 2.2.1.: Yee’s cell in two dimensional cylindrical coordinates. Adapted from
[20]
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2.2.1. Absorbing boundaries
To limit the computational space, Liao’s absorbing boundary condition [78] was
implemented. The method is based in considering the values of the field at previous
instants and at positions placed over a perpendicular line from the boundary xmax:
un+1(xmax) = 3u
n(xmax −∆x)− 3un−1(xmax − 2∆x) + un−2(xmax − 3∆x) (2-10)
Using the wave equation in cylindrical coordinates and the equation 2-10 it is possible
to deduce the updating equation for Hϕ [79]:
rmaxH
n+1
ϕ (rmax) = 3(rmax −∆r)Hnϕ(rmax −∆r)
− 3(rmax − 2∆r)Hn−1ϕ (rmax − 2∆r) + (rmax − 3∆r)Hn−1ϕ (rmax − 3∆r)
(2-11)
In the z direction the same expression than in cartesian coordinates could be used,
replacing Er in the equation 2-10:
En+1r (zmax) = 3E
n
r (zmax −∆z)− 3En−1r (zmax − 2∆z) + En−2r (zmax − 3∆z) (2-12)
2.2.2. Terrain modelling
With the aim of simulating a non-flat ground in the FDTD method it is necessary
to choose a technique for including the geometry of the terrain. These techniques
are based on the Faraday equation development about the Yee cell [76]. The most
known one is the staircase technique that consists in approximating curved surfaces
by means of staircases. For the staircase approximation it is necessary to choose a
small space step for avoiding possible errors due the bad surface discretization.
On the other hand, the Contour-path technique [76] takes into account the exact path
and area that affects the electric and magnetic fields in the Yee Cell, for example if
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L
Figure 2.2.2.: Schematic of a finite difference cell using Contour Path technique [76]
the shaded area in Fig. 2.2.2 was a Perfect Electrical Conductor (PEC), the fields only
would be taken into account inside the area A and perimeter L for solving Faraday
equation, and the fields within the PEC surface would be zero. This technique is used
in the 2D FDTD codes of this thesis.
2.2.3. Finite conductivity
When finite conductivity is considered, a boundary cell between two materials has
expressions for magnetic and electric fields, in function of weighted average parameters
u, in function of the material under ground u1 and above ground u2 [76]:
u = pu1 + (1− p)u2 (2-13)
Where u can be the permeability (µ), the conductivity (σ) or the permittivity () on
each material and p is the proportion of the cell affected for the material u1
2.2.4. Electromagnetic Fields calculation
The electric and magnetic fields are calculated with a code developed in Matlab that
solves the equations 2-7, 2-8 and 2-9 with the additional features mentioned in last
sections.
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2.2.4.1. 2D-FDTD validation for flat terrain
With the aim of validating the 2D-FDTD code implemented in this thesis, it has been
obtained the electric and magnetic fields due to a zeros radius lightning channel,
compared with the Thottappillil et al.’s formulas [41], in a similar manner as it is
presented in [22]. These equations are valid for a return stroke speed equal to the
speed of light (v = c). The fields Ez and Hϕ according to Thottappillil et al. are
given by:
Ez(d, t) =
I(0, t− d/c)
2piε0d
(2.2.14)
Hϕ(d, t) =
I(0, t− d/c)
2pid
(2.2.15)
Where d is the distance from the lightning channel, ε0 is the free space permitivity
and c is the speed of light.
In the FDTD simulation, for the distribution of current along the lightning channel
we have used the expression given by Baba and Rakov [80]:
I(z
′
, t) = (1 + ρgr)/2× Isc(t− z/vd) (2.2.16)
Where ρgr is the current reflection coefficient at the channel base for the case of
lightning striking on flat ground (It was set ρgr=1) and Isc is the lightning short-circuit
current which is defined as the lightning current that would be measured at an ideally
grounded object of negligible height [22], and v = c. The current Isc used was the
proposed by Nucci et al [81]. The peak of this current waveform is 11 kA, and the
10-90 % rise time is 0.15 µs. The working space is 1600 x 1700 m with 0.5 m x
0.5 m square cells, as in [22]. Fig. 2.2.3 and Fig. 2.2.4 shows the vertical electric
field Ez and the azimuthal magnetic field respectively, at a distance of 50 m from
the lightning channel calculated by means of the 2D FDTD and the Thottappillil et
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Figure 2.2.3.: Vertical Electric Field Ez at ground surface at a distance of 50 m
from the lightning channel, calculated by means of 2D FDTD and
Thottappillil et al’s equation.
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Figure 2.2.4.: Azimuthal Magnetic Field Hϕ at ground surface at a distance of 50
m from the lightning channel, calculated by means of 2D FDTD and
Thottappillil et al.’s equation.
al.’s formulas. Table 2.2.1 summarizes the electromagnetic fields for several distances
from the lightning channel. It can be seen that both appproaches lead to avery good
agreement.
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Table 2.2.1.: Peak Values of Electromagnetics Field at The Ground Surface
Calculated By 2D FDTD And Thottappillil et al Formula.
d (m)
Quantity and Method 5 10 20 50 100
Ez (kV/m)
2D FDTD 131 65.6 32.8 13.1 6.57
Thottappillil et al 131 65.6 32.8 13.1 6.56
Difference ( %) 0.2 0.0 0.0 0.0 0.0
Hϕ (A/m)
2D FDTD 349 174 87.2 34.9 17.4
Thottappillil et al 349 174 87.1 34.9 17.4
Difference( %) -0.3 -0.1 0.0 0.0 0.0
2.2.4.2. Validation of Electromagnetic fields in non-flat terrains
In order to validate our code of non-flat terrain, a comparison is made with the
results of Baba and Rakov [22]. In this work it was computed the electric fields
produced by a lightning striking at top of a conical object of 160 m (above the
ground surface) and base radius of 10 m simulating the Peissenberg tower in Germany.
(See Fig. 2.2.5). This work serves as validation of the 2D FDTD codes because the
terrains to be simulated have a conical shape. The lightning is assumed as a perfect
conducting wire and the tower is considered conical and a perfect conducting object
with a 8m deep basement below ground surface. Between the top of the struck object
and the lightning channel is inserted a voltage source with 0.5m length, magnitude
of 4.4 MV and a 10-90 % risetime of 0.15 µs. The assumed ground conductivity is
1mS/m. The thickness of the ground was assumed 100 m which is larger than the
horizontal electric field penetration depth [22]. The top, bottom and right boundaries
are Liao’s second-order absorbing boundary condition [78]. The grid dimensions are
1600 x 1600m divided into square cells of 0.5 x 0.5m. The cone is represented as a
staircase surface. Finally, the time step was 0.83 ns.
The results of the computed electric and magnetic field match with those presented
in [22]. As an example in Fig. 2.2.6 it is shown the horizontal electric field component
at 5 m from the edge of the 160 m-high conical object. Based on this validation, the
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Figure 2.2.5.: 2D FDTD simulation of lightning striking the Peissenberg tower in
Germany. Adapted from [22]
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Figure 2.2.6.: Horizontal electric field Er on the ground surface at a distance of 15m
from the lightning channel (5m from the edge of the cone) for a ground
conductivity of 1mS/m.
current FDTD code is valid for simulating non-flat terrains.
2.2.5. Lightning Induced Voltages calculation
In this section, it is described the methodology and simulation cases of overhead
wires located above conical terrains. Since each line simulated in the present work
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is parallel to the earth surface, it is possible to use the distributed-parameter circuit
theory to calculate voltages and currents along the line [48][82]. In this paper, the
Agrawal et al coupling model [10] is used to describe the coupling between lightning
electromagnetic fields and overhead lines. This model is implemented in the Yaluk
Draw software [28][83] that allows to calculate the lightning performance of overhead
distribution networks. It is based on a previous software called Yaluk linked with ATP
by means of foreign MODELS [28] and has been done thanks to the collaboration of
the research group of Power Systems of the University of Bologna. In Section 2.2.5.2
it is shown a validation of the methodology implemented for flat terrain.
2.2.5.1. Methodology to calculate Electromagnetic fields in non-flat terrains
In order to simulate non-flat terrains, the parameters used for the 2D FDTD simulation
are described. The grid dimensions are 2400 (in r)×3600 (in z ) m2, divided into 5×5
m2 square cells surrounded by Liao
′
s second-order absorbing boundary condition [78].
The lightning channel is simulated by a vertical array of current sources [77]. It
has the parameters of a typical subsequent return stroke channel: I0 = 12 kA and
di/dt = 12kA /µs, represented by de following Heidler [21] parameters: I01 = 10,7
kA, τ11 = 0,95 µs,τ12 = 4,7 µs, I02 = 6,5 kA,τ21 = 4,6 µs,τ22 = 900 µs,n = 2 [84].
The Transmission Line TL model is used to represent the return stroke current along
the channel [85][86], and a return stroke velocity of 120 m/µs is assumed.
The simulated non-flat terrains in 2-D-dimension are inclined planes, that due to the
rotational symmetry of the 2D FDTD method are equivalent to cones. The inclined
planes were approximated by means of staircases [76]. Due to the great variability
of the electric fields observed near the terrain, it is preferable to use a contour-path
methodology described in Section 2.2.2. With the aim of calculating lightning induced
voltages, it is necessary to compute the horizontal and vertical electric fields on the
FDTD grid fitting with the distribution line location. If the line is parallel to the
ground, it needs to obtain the tangential electric field to the line Et and the average
perpendicular electric field Ep at beginning and at the end of the line (Figure 2.2.7).
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Figure 2.2.7.: Methodology for calculating electric fields for a line parallel to the
terrain
ZcZc 10 m
8 km
300 m 1 km
Figure 2.2.8.: Simulated distribution line over flat terrain.
2.2.5.2. Validation of lightning induced voltages over flat ground
With the aim of validating the lightning induced voltage calculation methodology, a
simulation of a distribution network, located over a perfectly conducting flat terrain,
at a distance of 300 m from a lightning channel with the same parameters described
above [84]. The distribution line is presented in Fig. 2.2.8. It is 10 m high, 1000 m
long matched at both terminals, over a perfectly conducting ground. A comparison
is made between the lightning induced voltages calculated with the electric fields
computed with the analytical equations derived by Master and Uman [33], and the
induced voltage obtained by the FDTD methodology at beginning of line. The results
are shown in Fig. 2.2.9. There is a good agreement between the two methodologies.
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Figure 2.2.9.: Lightning induced voltage at line beginning of Fig. 2.2.8
For non-flat terrain, the software allows the introduction of the perpendicular Ep and
parallel Et electric fields to the line, described above, to calculate the induced voltage
in the simulated line.
2.2.5.3. Analysis and Results
With the aim to establish the influence of non-flat terrain on lightning induced
voltages over distribution networks we have chosen three non-flat ground configurations
in which a distribution line could be placed parallel to the terrain. In all cases, it is
simulated a lightning channel placed at the top of a mountain with the parameters
described in Section 2.2.5.1. The terrain inclination angles are chosen somehow to fit
the FDTD grid.
2.2.5.4. Line parallel to a Single Mountain
The configuration (A) presented in Fig. 2.2.10, is formed by an inclined plane with
a slope given by an angle α and a lightning impact at its top. It is equivalent to a
lightning channel that impacts the top of a conical surface (See Box in Fig. 2.2.10).
A distribution line of length 1000 m, 10 m high, radius 5 mm and matched at both
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Figure 2.2.10.: Configuration A. Line parallel to an inclined plane. This simulation
is equivalent to a cone-shape terrain (See in the Box)
ends is placed parallel to the mountain, at a distance of 300 m from the lightning
channel. The terrain is assumed initially as perfect electrical conductor (PEC). The
distance of the right extremity of the line to the Liao’s boundaries is 2000 m.
The induced voltage produced at line beginning of Fig. 2.2.10 is shown in Fig. 2.2.11.
It is noted that the induced voltages enhance when the inclination angle α is increased.
This could be explained because the increase in inclination causes the enhancement
of the tangential electric field component, due that the terrain becomes more aligned
with the lightning channel. However, the lightning induced voltage produced at end
of the line (Fig. 2.2.12), has not a defined tendency when the angle is varied. In the
cases where the angle is 26 ◦ and 45 ◦, the induced voltage is reduced more than 30 %
compared with flat terrain, and in the case of 63 ◦ the induced voltage is increased.
Figs. 2.2.13 and 2.2.14 show the induced voltage at the beginning and end of line when
the terrain has a conductivity of σ = 0.01 S/m and σ = 0.001 S/m, respectively. It
is seen in both cases a significative enhancement of the voltage at both ends with
respect with the flat terrain case. The voltage at end of the line is negative as in the
flat ground case [3].
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Figure 2.2.11.: Induced Voltage at beginning of line in configuration A shown in Fig.
2.2.10, when varying the inclination angle α
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Figure 2.2.12.: Induced Voltage at end of line in configuration A shown in Fig. 2.2.10,
when varying the inclination angle α
2.2.5.5. Line parallel to a Mountain Surrounded by a flat ground
The configuration B is shown in Fig. 2.2.15. This is composed by a distribution line
of 1000 m placed parallel to a terrain formed by an inclined plane followed by a flat
ground, equivalent in 3D to a mountain surrounded by a flat ground. The line is
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Figure 2.2.13.: Induced Voltage at beginning (solid lines) and at end of line (dashed
lines) in Fig. 2.2.10, when varying the inclination angle α for a finite
conductivity σ = 0.01 S/m.
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Figure 2.2.14.: Induced Voltage at beginning (solid lines) and at end of line (dashed
lines) in Fig. 2.2.10, when varying the inclination angle α for a finite
conductivity σ = 0.001 S/m.
subdivided in two segments: the first is 500 m long and is parallel to the inclined
plane and the second is 500 m long too and is parallel to the flat ground. As before,
the line is placed 300 m from the lightning channel and is matched at both ends.
Fig. 2.2.16 shows the induced voltage at the beginning (solid lines) and at end of the
line (dashed lines) when the terrain in Fig. 2.2.15 has infinite conductivity. At line
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Figure 2.2.15.: Configuration B. Line parallel to a terrain composed by an inclined
terrain followed by a flat ground. This configuration is equivalent in
3D to a Mountain Surrounded by a flat ground (See the box)
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Figure 2.2.16.: Induced Voltage at beginning (solid lines) and at end of line (dashed
lines) in Fig. 2.2.15, when it is varied the inclination angle α, with a
terrain with infinite conductivity
beginning, it is possible to see the same behavior of the voltage found in configuration
A for almost the first 5 µs. Later the behaviour is a result of the reflections presented
by the electromagnetic field wave between the inclined plane and the flat ground
[87]. At end of the line the reflections are seen almost all time. It is important to
highlight that the voltage at this end is negative despite the PEC terrain simulated
[3]. It is explained because the field inversion of the horizontal electric field over the
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Figure 2.2.17.: Induced Voltage at beginning (solid lines) and at end of line (dashed
lines) in Fig. 2.2.15, when it is varied the inclination angle α, with a
terrain with a conductivity σ = 0.01 S/m
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Figure 2.2.18.: Induced Voltage at beginning (solid lines) and at end of line (dashed
lines) in Fig. 2.2.15, when it is varied the inclination angle α, with a
terrain with a conductivity σ = 0.001 S/m
flat ground portion. The tendency at both ends is to enhance the induced voltages
magnitude when the inclination angle of the mountain α is increased.
Fig. 2.2.17 and Fig. 2.2.18 show the induced voltage at this configuration with conductivities
σ = 0.01 S/m and σ = 0.001 S/m. Significative increments of the voltages are found
at both ends of the line due to the effect of the finite conductivity, mainly at end of
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Figure 2.2.19.: Configuration C. Line parallel to a two inclined planes with a flat one
in the middle. This terrain configuration is equivalent in 3D to two
mountains with a flat ground in the middle (See the Box)
line. For example, the voltage in both figures for an angle α = 63.4 ◦ is almost 5 times
the equivalent for flat ground.
2.2.5.6. Line inside two mountains
The configuration C, shown in Fig. 2.2.19, is a line placed inside two inclined planes
with a flat one in the middle. It is equivalent to a line placed inside two mountains,
according to the 2-D cylindrical symmetry. This type of terrains are found in cities like
Medellin-Colombia. The line is 1.5 km long (with segments of 500 m placed parallel to
the terrain configuration), 5 mm radius and 10 m height, matched at both terminals
and placed 300 m from a lightning channel as described before. The induced voltage
at two line extremities is shown in Fig. 2.2.20 for a perfect electrical conductor (PEC)
terrain. Again, there are an important increment of the induced voltages when the
mountain is steeper. For example in the 63.4 ◦ case, it is found an increment of almost
9 times the voltage obtained for flat terrain. The reflections found in 45 ◦ and 63 ◦
are produced between the mountain to the right and the flat ground. Figs. 2.2.21 and
2.2.22 show the induced voltage at both ends of line for finite conductivities of 0.01
S/m and 0.001 S/m. High values of induced voltages can be found and some peaks
in the induced voltages are seen.
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Figure 2.2.20.: Induced Voltage at beginning (solid lines) and at end of line (dashed
lines) in Fig. 2.2.19, when it is varied the inclination angle α, with a
terrain with infinite conductivity
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Figure 2.2.21.: Induced Voltage at beginning (solid lines) and at end of line (dashed
lines) in Fig. 2.2.19, when it is varied the inclination angle α, with a
terrain with a conductivity σ = 0.01 S/m
2.3. Simulation of non-flat terrains by means of 3D
FDTD method
In contrast with the 2D FDTD method, the 3D one allows the simulation of more
complex structures. The 3D FDTD method can be expressed in cylindrical, spherical
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Figure 2.2.22.: Induced Voltage at beginning (solid lines) and at end of line (dashed
lines) in Fig. 2.2.19, when it is varied the inclination angle α, with a
terrain with a conductivity σ = 0.001 S/m
or cartesian coordinates system [76]. In this thesis, the last was chosen to solve the
current problem.
The Maxwell equations are discretized by means of the following equations [77]:
En+1x (i, j, k) =
2εx(i, j, k)−∆tσx(i, j, k)
2εx(i, j, k) + ∆tσx(i, j, k)
Enx (i, j, k)
+
2∆t
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2
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1
2
y (i, j, k − 1))
− 2∆t
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ζ
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2
ix (i, j, k)
(2.3.1)
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(2.3.3)
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(2.3.4)
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(2.3.6)
Where:
zetaiu is the Electric current density vector in u-axis
Miu is the Magnetic current density vector in u-axis
2.3.1. Lightning Channel Modelling
The lightning channel is included in the 3D FDTD domain as an array of current
sources [77]. The value of current at each spatial interval is established according to
a defined channel base current and a defined return stroke model. The equation to
update a current source in 3D FDTD cartesian coordinates oriented in the z direction
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is given by:
En+1z (i, j, k) =
2εz(i, j, k)−∆tσz(i, j, k)− ∆t∆zRs∆x∆y
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(2.3.7)
Where Rs is the internal resistance of the current source (it is assumed a high value)
and Is is the lightning current.
2.3.2. Terrain Modelling
For flat-ground modelling, the parameters , σ and µ are calculated at each spatial
interval, according to the type of material. For perfect electrical conductors (PEC), a
high value of σ is assumed (σ = 1e9). For non-flat terrains, the geometry of the ground
is discretized according to the staircased algorithm [45]. The structure is discretized
at each x-z plane, and an algorithm is used to adjust the adjacent structures to cubic
cells.
2.3.3. Boundaries
In order to limit the computational space in 3D dimensions, several types of absorbing
boundaries could be used. Some examples are Perfectly Mached Layer (PML), Modified
Uniaxial PML (UPML) [76][77] and Liao’s Absorbing Boundaries Condition [78]. The
last was used in this thesis due good results shown on literature [7][32].
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2.3.4. Memory Requirements
The 3D FDTD method requires considerable computational space to calculate electric
and magnetic fields. Some improvements were done in the developed codes in order
to minimize the required memory.
A typical simulation of a distribution line 1.2 km long requires a working volume of
1400x650x600m [7][32]. The dimensions of each matrix depend on the spatial step
chosen. Since the codes were developed in MATLAB, each element of a matrix has a
size of 8 bytes. The size of each matrix is the result of multiplying the dimensions times
8. The PC required memory to run a case is the last result times 12 (the total number
of matrices). Table 2.3.1 shows the memory capacity required when the spatial step
is changed. It is possible to see the significant increase of the memory RAM required
when the spatial step is smaller. Since the computer capability available to this project
is 8 GB, spatial steps between 2 and 5 m were chosen.
Table 2.3.1.: Required Computational Capability for 3D FDTD method
Electrical Parameters(6): εx, σx, εy, σy, εz, σz
Fields (6): Ex, Ey, Ez, Hx, Hy, Hz
Spatial step 4 = 10 4 = 5 4= 2 4= 1
Dimensions of each matrix 141x66x61 281x131x121 701x326x301 1401x651x601
Size each matrix (MB) 5 36 550 4385
Total Size (GB) 0.060 0.432 6.6 52.6
2.3.5. Electromagnetic Field Calculation
2.3.5.1. Interpolation
The calculated electric and magnetic fields along the cartesian grid need to be interpolated
with the aim to obtain the fields along the simulated objects, in this case the overhead
wires. The methodology to interpolate presented in [71] is applied here, extended to
three dimensions.
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This interpolation is valid for objects that lies over planes XZ, YZ, XY, that is usually
the case of overhead wires.
2.3.5.2. Validation
In order to test the validity of the 3D developed codes for flat terrain, calculated
electric fields in [31] are compared with the developed codes in this research, and
described in this dissertation. The geometry of the problem is presented in Fig. 2.3.1.
The terrain has a finite conductivity of 1 mS/m and a relative permittivity r = 10.
The electric field is calculated at Point 2, without the presence of the building, at a
distance d of 100 m from the lightning channel. The channel is 2000 m long, described
by a TL model with the channel-base current proposed by Nucci [81]. The return
stroke velocity is equal to 0.5c. In the FDTD calculations, cubic cells of 10x10x10
m3 were employed, the lightning channel and the strike object are represented by
a vertical array of current sources, each current source has a length of 10 m and
is described by specifying the four magnetic-field vectors forming a square contour
surrounding the cubic cell representing the current source [31]. The vertical electric
field calculated at ground level, at Point 2 is shown on Fig. 2.3.2. It is seen a good
agreement between them.
2.4. Comparison Between Inclined Terrains And
Inclined Lightning Channels
An important approximation for calculating lightning electromagnetic fields over
non-flat terrains can be found in experimental and modelling studies of inclined
lightning channels developed by several authors [23, 54, 55, 56, 57], because according
to the method of images, an inclined lightning channel is equivalent to a vertical
lightning that strikes an inclined terrain as is shown in Fig. 2.4.1 (As a result of
rotating the lightning channel an angle α in the counter-clockwise direction). This
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Figure 2.3.1.: Geometry for electromagnetic field calculation. Adapted from [31]
could be a validation of our analysis.
It has been calculated the electromagnetic field using 3D FDTD method, for an
horizontal flat terrain struck by an inclined lightning channel with an inclination
angle α respect to z axis (Fig. 2.4.1a) and for a vertical lightning channel striking an
inclined plane, with an angle α (Fig. 2.4.1b); for the sake of simplicity hereafter they
will be called inclined lightning and inclined terrain configurations, respectively.
For the first case, the channel was represented by staircases and the return stroke
current by horizontal and vertical current sources [76, 77], using a space step of
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Figure 2.3.2.: Ezz calculation in Point 2, of Figure 2.3.2. Comparison between [31]
and the FDTD codes implemented in this research.
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Figure 2.4.1.: a) An inclined lightning channel with an angle α respect to the z
axis. b) Inclined terrain equivalent to the inclined lightning channel
simulation. b) is the result of rotating the inclined lightning channel
an angle α in the counter-clockwise direction. The two measurement
in both cases are at points A and B.
4r = 4z = 1m, and time step was 1.7ns.
The Transmission Line (TL) model was used for representing the return stroke current
along the channel [85, 86] with a channel height of 8 km and a return stroke velocity
of 120 m/µs. Since the electromagnetic field radiated by lightning is mainly used for
induced voltage calculations in overhead lines, it is used the typical subsequent return
stroke channel with I0 = 12 kA and di/dt = 120 kA/µs [84]. For the FDTD method
Liao’s 2nd order absorbing boundaries [78] was used to limit the computation space.
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Figure 2.4.2.: Perpendicular electric field Ep at Point A and B of Fig. 2.4.1 for the
vertical lightning channel case (dashed lines), the inclined lightning
channel case (Solid Lines) and the inclined terrain case (dotted lines)
taking r = 20m and varying the inclination channel angle α
In the inclined terrain simulation, the ground was approximated by staircases. The
electric field was calculated at a distance r from the lightning channel, at two points
A and B in Fig. 2.4.1a and Fig. 2.4.1b. For comparison purposes, the perpendicular
electric field Ep to ground was calculated in each simulation. For flat terrain, the
perpendicular electric field Ep is equal to the vertical electric field Ez.
Fig. 2.4.2 presents the perpendicular electric fields calculated for different inclination
angles α at points A and B of Fig. 2.4.1, where those points are at 20 m from
the lightning channel base. The results for inclined channel and inclined terrain are
approximately the same. It is also observed an electric field magnitude enhancement
for point A when increasing α due to the closeness of the lightning channel; and electric
field magnitude diminution for point B, due to the farness of the lightning channel.
This coincides with the results presented previously by [23, 88]. It is important to
highlight that, for 3D FDTD simulation, an inclined lightning channel simulation is
preferable than an inclined terrain simulation, due to it is necessary lower computational
capacity.
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Figure 2.4.3.: a) Cone-shape Terrain (2-D Cylindrical Coordinates) b) Inclined
terrain (3-D Cartesian Coordinates)
The configuration presented on Fig. 2.4.1b is equivalent to a lightning striking in
a mountain slope, but not necessarily the same as striking the top of a mountain,
therefore, we compared these two configurations, a lightning striking a inclined terrain
and a lightning striking the top of a cone which represents a mountain. The Fig. 2.4.3
shows the two configurations to be simulated, the first (a) will be called hereafter
cone-shape terrain and the second (b) is the same inclined terrain simulation presented
previously. The first configuration is simulated by means of 2-D FDTD method in
cylindrical coordinates [20]. For this comparison, the inclination angle α was varied
for the two simulations. We have computed the perpendicular electric field Ep at a
distance r of 20 m from the lightning channel base.
The electric field Ep is shown in Fig. 2.4.4, where it is possible to see that for the
configuration of cone-shape terrain, the electric field magnitude slightly decreases for
angles lower than 20◦ and enhances for higher angles. This effect is greater when the
distance from the lightning channel increases, as shown in section 2.2. This effect
is quite different from the one presented when using inclined terrain configuration,
where the electric field magnitude decreases as the angle increases. This leads to
the conclusion that the approximation of inclined lightning channels could be good
for a lightning striking on a mountain slope which the distance to mountain top is
reasonable high from the striking point.
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2.5. Comparison of the Transmission line model and
full wave model to Calculate Lightning Induced
Voltages in flat terrain
Two numerical methodologies of FDTD technique were implemented to calculate
lightning induced voltages. In this section, these two methodologies are compared.
2.5.1. Transmission Line Model
The methodology based on transmission line modelling uses the Agrawal et al coupling
model [10] (which is based on the Transmission Line Approach as it has been described
in section 1.2.3) to calculate induced voltages and the 3D FDTD method (Section
2.3) to calculate electromagnetic fields. Note that also the 2D FDTD could be used
to calculate the fields.
The coupled set of transmission-line equations for multiconductor lines for the Agrawal
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coupling model are [10] [72]:
∂
∂x
[V si (x, t)] + [Rij][Ii(x, t)] + [Lij]
∂
∂t
[Ii(x, t)] = [E
e
x(x, hp, t)− Eex(x, hp, t)] (2.5.1)
∂
∂x
[Ii(x, t)] + [Cij]
∂
∂t
[V si (x, t)] = 0 (2.5.2)
where [V si (x, t)] is related to the total voltage [Vi(x, t)] by the following expression:
[V si (x, t)] = [Vi(x, t)]− [V ei (x, t)] (2.5.3)
where [V ei (x, t)] = −
∫ hp
0
Eez(x, 0, t) = −hpEez(x, 0, t)
The boundary conditions, for the case of resistive terminations, are:
[V si (x0, t)] = −[R0][Ii(x0, t)] + [hp]Eez(x0, 0, t) (2.5.4)
[V si (xL, t)] = [RL][Ii(xL, t)] + [hp]E
e
z(xL, 0, t) (2.5.5)
Where: V si (x, t) is the scattered voltage.
Vi(x, t) is the total voltage.
V ei (x, t) is the exciting (or incident) voltage
[Lij] is the per-unit-length inductance matrix of the line.
[Cij] is the per-unit-length capacitance matrix of the line.
[Rij] is the transient ground resistance matrix.
[R0], [RL] are matrices of resistances at the line terminations.
hp is the height of conductor p above ground.
The last equations are solved by means of the point-centered finite-difference time
domain method [10].
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2.5.2. Full wave Model
The thin wire is defined as a conductive wire of which the radius is smaller than the
size of a cell in the FDTD simulation [48]. It is useful to represent wires without
the employment of very small space steps that could be impractical. Some simplified
methodologies of Thin Wire as the Umashankar method [47] doesn‘t allow the accurate
representation of the surge impedance of the line [48]. In this dissertation, the Thin
Wire approximation derived by Noda [48] [45] is used. In this method, the electric
fields along the line are forced to be zero and the parameters µ and ε around the wire
are updated differently than the rest of the working space, as shown in Fig. 2.5.1.
The parameters are updated according to:
µm = µ0/m, εm = mε0 (2.5.6)
where
m =
1,471
ln(∆s
r
)
(2.5.7)
where r is the radius of the conductor and ∆s is the spatial step.
The intrinsic radius r0 for this method is 0,2298∆s. It is defined as the radius of
which the real distribution of electric and magnetic fields around the wire is the same
as one obtained by the FDTD method by simply forcing electric fields along a line to
be zero [48].
For the implementation of the methodology described in Section 1.2.4 of Chapter
I, the developed codes in [89] were used to simulate the overhead wire in flat and
inclined direction. The lightning channel and the terrain were simulated in the same
way as described in Section 2.3.
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  Figure 2.5.1.: Thin wire representation. Taken from [48]
2.5.3. Comparison
In order to compare the two methodologies with lightning induced voltages calculated
in the literature, the arrangement simulated by Baba et al [7] was chosen to reproduce
their results. The arrangement is shown in Fig. 2.5.2. It is composed by a return stroke
channel that impacts a tall strike object, located at a distance d from a horizontal
perfectly conducting wire of length 1200 m, radius 5 mm and height 10 m. The ground
is flat and lossy with a conductivity σ = 10 mS/m. The return stroke current used
is the one proposed by Nucci [81], and the return stroke model is the engineering TL
model extended to include a tall strike object [7]. For simplicity, only the strikes to
flat ground are considered in this thesis. The Finite difference Time Domain Method
is used in 3D cartesian coordinates, with spatial cubic cells of 5 x 5 x 5 m3 and a time
step of 5 ns and the wire is represented by the Thin Wire Model proposed by Noda
[48].
Fig. 2.5.3 shows the comparison of the lightning induced voltage obtained at the center
of the line of Fig. 2.5.2 for d between 40 and 200 m, calculated by three methodologies:
a) The original paper of Baba et al [7], b)The full wave code developed in the thesis
and c)Transmission Line Model implemented in the thesis. It is possible to see an
49
	  Figure 2.5.2.: Geometry used in [7] to calculate lightning induced voltages. Taken
from [7]
excellent agreement between the three calculations.
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Figure 2.5.3.: Comparison of Lightning Induced Voltages calculated by three
methodologies: a) The original paper of Baba et al [7], b)The full
wave approach developed in the thesis and c)Transmission Line Model
implemented in the thesis [7]
2.6. Comparison of the Transmission line model and
Full Wave Model to Calculate Lightning Induced
Voltages in non-flat ground
With the aim to calculate induced voltages for non-flat terrain, some changes need
to be done to the methodologies of Transmission Line Model and Full Wave Model:
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2.6.1. Transmission Line Model
In this case, the calculation of the electric fields is changed. First, the vertical field
(Ez) is calculated for each cell below the line and is integrated as presented by the
following equation:
[V ei (x, t)] = −
∫ hp
0
Eez(x, 0, t)
It is different from the methodology for flat terrain where the vertical electric field
(Ez) is assumed constant below the line and the voltage is approximated as the
multiplication of the field (Ez) by the height of the line hp:
[V ei (x, t)] = −hpEez(x, 0, t)
On the other hand, the tangential electric field (Et) to the line is calculated as in the
coupling field for the Agrawal coupling model. The line is divided in segments with
the same length of the spatial step chosen in the FDTD method.
2.6.2. Full wave Model
In this case, the electric fields and induced voltages are calculated in the same way
as the presented in Section 1.2.4. Nevertheless, every time that the lines are not
horizontal, these are discretized by means of an staircase algorithm [48] as shown in
Fig. 2.6.1. Although the discretization of the line causes a delay in the propagation
velocity along the line compared with an inclined wire, the voltages induced along
the line are not affected.
2.6.3. Comparison
In order to compare the lightning induced voltages for the two methodologies, the
Finite Difference Time Domain Method in 3D cartesian coordinates was used. For
this, a working volume of 1200x500x980 m with an spatial resolution of 5 m was
employed. The bottom surface of the space was assumed to be a perfectly conducting
ground plane and to limit the computational space, the other surfaces was treated as
Liao’s Absorbing Boundaries of second-order [78]. Fig. 2.6.2 shows the first simulation
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Figure 2.6.1.: Staircase approximation of a straight line. A staircase approximation
of the solid line is indicated by the dashed line. Taken from [45]
case. The return stroke was placed 50 m away from the line, its height was 980 m
and the return stroke velocity was 130 m/µs. The return stroke was represented by
the MTLE model [81] with an atenuation constant λ = 2000m. Again the typical
subsequent return stroke channel was used with Ip = 12 kA and di/dt = 40 kA/µs
[84].
Three distribution-line arrangements were considered:
Case 1: The first arrangement is shown in Fig. 2.6.2. A distribution line 1000 m long,
10 m high connected to a resistance of 500 Ω (approaching to the surge impedance
of the line) at both extremities is simulated above a perfectly conducting flat ground
plane.
Case 2: The second arrangement is shown in Fig. 2.6.3 It is a V-Shaped terrain below
the line. The slope of this terrain is 22 ◦. The return stroke channel is again placed 50
m from the distribution line and above the flat ground portion simulated. Fig. 2.6.3b
and 2.6.3c show the top and front view of the simulation, respectively.
Case 3: The third arrangement shown in Fig. 2.6.4 is a distribution line placed between
two mountains. This corresponds with the topography found in the rural zones of
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Figure 2.6.2.: First arrangement. Flat ground
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Figure 2.6.3.: Second arrangement. Line above an V-Shaped terrain
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Colombia. The line is 10 m above the mountains connected at both extremities by
a resistance of 500 Ω. Fig. 2.6.3b and 2.6.3c show the top and front view of the
simulation, respectively.
2.6.4. Results
Fig. 2.6.5a and Fig. 2.6.5b show the induced voltage at both line extremities and
middle of line, respectively, for Case 1 (Fig. 2.6.2), calculated by three methodologies:
Using Agrawal Coupling model and calculating electric fields by means of 1) Master
and Uman (Uman et al) equations [33] 2) 3D FDTD method (the same TLM), and 3)
Using the full wave approach [48]to calculate both electric fields and induced voltages.
It is seen a good agreement between the three methods, with a small difference in the
wave tail, explained by the non perfect absorption of Liao’s Boundaries.
The induced voltage for Case 2 is shown in Fig. 2.6.6. It is possible to see a good
agreement between the two simulations. In this case the comparison of Master and
Uman are not presented because these are valid only for flat terrain.
On the other hand, the increasing of the induced voltage compared with the flat
ground case (Case 1 - Figs. 2.6.5a and 2.6.5b ) is significant, which confirms the
hypothesis of important variations of lightning induced voltages placed above non-flat
terrains.
The case 2 was modified considering a lateral strike 100 m of the line as is shown in
Fig. 2.6.7a. The induced voltage at line extremities and at middle of line are shown
in Fig. 2.6.7b. It is possible to see higher differences for the two methodologies at
middle and at end of line.
For case 3, two simulations have been done. One, using the tangential field Et to
the calculation of the induced voltage in the Agrawal Coupling model and the other
using the horizontal electric field Er along each segment of the line. The induced
voltage when the fields Et and Er are used are presented in Fig. 2.6.8 and 2.6.9,
respectively. In the two simulations, there are important differences between the two
models, specially at middle and at end of line where a change in polarity is presented
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Figure 2.6.4.: Third arrangement. Line between two mountains
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Figure 2.6.5.: Induced voltage for Case 1
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Figure 2.6.6.: Induced voltage for Case 2
for the TL model. The latter shows that the current methods used to approximate
the induced voltages for non-flat terrains using the TL model need to be improved.
Based on these simulations, the calculation of induced voltages above non-flat terrains
presented in the next chapters of this thesis are based in the f ull-wave model.
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(a) Geometry for a lateral strike in Case 2
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Figure 2.6.7.: Induced voltage for Case 2, with a lateral strike
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Figure 2.6.8.: Induced Voltage for Case 3, considering the field Et for Agrawal
coupling model. Solid lines TL Model. Dashed lines Full Wave analysis
2.7. Conclusions
The induced voltages on overhead lines located parallel to the simulated terrains
calculated by means of the 2D-FDTD method in cylindrical coordinates show important
differences with respect to the traditional calculation assuming flat ground. Three
configurations were investigated, namely: Line parallel to a single mountain (A),
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Figure 2.6.9.: Induced Voltage for Case 3, considering the field Er for Agrawal
coupling model Solid lines TL Model. Dashed lines Full Wave Analysis
line parallel to a mountain surrounded by a flat ground (B) and line inside two
mountains (C). In general the tendency of the induced voltages calculated for the
three configurations is the enhancement of the voltage when the inclination angle
of the terrain is increased. When it is assumed a perfectly conducting ground, in
Configuration A the induced voltages are positive in both extremities of the line.
Nevertheless, in Configuration B and C, a change of polarity is seen at end of
the line (See Fig. 2.2.16 and 2.2.20 respectively). The latter is explained by the
effect of the reflections coming from the right plane. When the finite conductivity
is taken into account, considerable increments of the induced voltage are found in all
configurations. It is especially significant for angles like 63.4◦, for a conductivity σ =
0.01 S/m and at end of line. In this case, the induced voltages for configurations A,
B and C are 3.8, 5.8 and 8.3 times, respectively, the ones obtained for flat terrain.
Some reflections are important especially in configuration C. The inclusion of finite
conductivity is an important factor in the magnitude and wave-shape of the lightning
induced voltages on overhead distribution lines.
The assumption of conical terrains could be appropriate to represent some kind of
mountains, nevertheless it is known that more complex topographies are found in
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regions where real distribution lines are installed. For this reason 3D FDTD codes
were implemented int his thesis to allow for the analysis of more general cases.
On the other hand, the inclination angles of the simulated terrains in 2D could be
higher than the expected in real mountains (less than 30◦). However, the simulations
presented serve to establish the factors that affect the behaviour of overhead lines
located on mountains.
On the other hand, a comparison between inclined lightning channels and inclined
terrains has been presented and important results have been obtained. In the first
place, it has been shown that the simulation of an inclined lightning return stroke is
equal to that of an inclined terrain, according to the method of images. This result
is important, because the works developed about (Lightning electromagnetic pulse)
LEMP calculation due to inclined lightning channels serves as validation of the 3-D
FDTD codes developed for calculating the LEMP over non-flat terrains. On the other
hand, it is possible to predict the electric fields near inclined terrains based on the
inclined lightning channels simulation.
It is important to highlight that an inclined lightning channel simulation is preferable
over an inclined terrain simulation, due the fewer computational capacity required.
However the approximation described before is valid only when the lightning impact
is at the middle of the inclined mountain (or at the mountain slope). If the impact is
at top of the mountain, other approximation needs to be used.
Later, two methodologies to calculate lightning induced voltages were presented:
Transmission Line Model and full-wave approach. These were validated and compared
for flat ground. After, these were adapted to simulate non-flat terrains and compared
between each other. In the last case, it was found that the calculations of transmission
line model and and full wave model were similar in Case 2, but not for Case 3. Due
that methodologies of full-wave analysis are most trusted, because they avoid the
approximations made in the transmission line approach, the former are used the next
chapters to calculate lightning induced voltages over non-flat terrains.
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3. Experimental validation of
lightning induced voltages over
non-flat terrains. Reduced Scale
model
3.1. Introduction
The numerical codes developed in the previous chapter need to be validated experimentally
in order to obtain reliable conclusions of the induced voltages on non-flat terrains. In
this chapter, a set-up to measure induced voltages produced by lightning that strikes
non-flat ground is presented. It is a reduced scale model, designed and constructed
with basis on the experience of researchers as Yokoyama [66], Paolone [2], Piantini
[90] and Boaventura [67]. However, those experiments were done considering flat
terrain, while the proposed here considers a terrain with a non-flat geometry over
a perfectly conducting ground. The expected results of the reduced scale model
(RSM) are simulated by means of the 3D-FDTD method connected with the Agrawal
et al Coupling model and with the Full Wave Approach, as presented in the last
chapter. Comparisons between measurements and simulations are obtained and some
conclusions are presented.
Table 3.2.1.: Scale Factors: Ratios Between The Values Of The Quantities In The
Model And In The Full-Scale System. Adapted From [90][67]
Quantity Relation
Length (l) p
Time (t) p
Electric Field (E ) α
Magnetic Field (B) α
Resistance (R) 1
Capacitance (C) p
Inductance (L) p
Impedance (Z) 1
Propagation Velocity (v) 1
Frequency (f) 1/p
Conductivity(σ) 1/p
Voltage (V) α.p
Current (I) α.p
Resistivity (ρ) p
Dielectric Constant () 1
Magnetic Permeability (µ) 1
Wave Length (λ) p
3.2. Design and construction of the reduced scale
model
A reduced scale model is important to a) the validation of codes that calculate
over-voltages induced by the lightning electromagnetic pulse (LEMP) and b) the
prediction of the LEMP-induced voltages for those cases which, due to their extreme
complexity, cannot be simulated with the existing version of these codes [90]. The scale
factors can be derived by applying Maxwell’s equations to the real system and the
reduced-scale model and, then, by relating the quantities of interest in both systems
[90]. The scale factors obtained when the medium is air are shown in Table 3.2.1,
where p is the ratio between the quantities in the model and in the full-scale system
and α is the relation between electric and magnetic fields in the model and in the full
scale system.
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The choice of length scale factor depends on the available space and the minimal wave
front that can be generated and measured [90][67]. The avalaible space at National
University of Colombia in Medell´ın (See Fig. 3.2.1), for the assembly of the scale
model lead to a scale factor p =α= 1:200.
The reduced scale model is composed by the following components: Ground Plane,
Return stroke channel, Impulse current Generator, Overhead distribution line and
Measurement system. [90][67]. These are described as follows:
Figure 3.2.1.: Location of the reduced scale model. Ingeominas Block of National
University of Colombia in Medell´ın
3.2.1. Ground Plane
A rectangular plane 3x10 m2 was constructed, composed of interconnected aluminium
plates (corresponding to 600x2000 m2 in the full-scale system). The aluminium plates
were overlapped to ensure the conductivity of the arrangement. Due to scale factor of
conductivity shown in Table 3.2.1, the aluminium plates can be considered as perfect
electric conductors in the full scale system. The aluminium plates were placed over
an iron structure 0.8 m in height designed for this set-up. The metallic structure
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was designed so that its parts could be inclined a desired angle to create the desired
non-flat configurations desired.
3.2.2. Return Stroke Channel
The constructed channel can be seen in Fig. 3.2.2. This consists of a copper coil of
1.5 cm of diameter wounded around a PVC core. The copper conductor has 0.5 mm
radius. The height of each rod is 3 m, although due that the higher elements found
in the soccer field (poles and wood structure) has a maximum height of 6 m, one of
the pipes was cutted to 2 m, so the total length channel was 5 m. The channel was
left open at its upper end taking into account that the reflections from the top of the
top of the channel would be not considered in the results.
The injection of a step voltage at rod base yields a current response as the shown in
Fig. 3.2.3. According to this figure the travel time of the wave from the bottom of the
channel and go back is approximately 375 ns. The return stroke velocity is equal to:
v =
l
τ
=
10m
375ns
= 27m/µs (3.2.1)
This velocity is approximately 10 % of that of light in free space. The surge impedance
can be obtained by the division between voltage and current measured in the first
400 ns:
Zc =
V
I
=
10V
2,8mA
= 3,6kΩ (3.2.2)
3.2.3. Impulse current Generator
The current is generated when a voltage source is injected into the base of the return
stroke channel. The voltage source circuit is shown in Fig. 3.2.4. It is composed by an
alternating voltage source that comes from an uninterruptible power supply (UPS), a
voltage multiplier circuit of 2 steps that generates a total voltage of -350 V D.C. (The
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Figure 3.2.2.: Constructed Lightning Channel
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Figure 3.2.3.: Voltage injected and measured current at channel base
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Figure 3.2.4.: Voltage source circuit
negative polarity value doesn’t affects the lightning induced voltages measurements).
The voltage storaged in the capacitors is discharged to the channel by means of a
very fast switching dispositive MOSFET STD2NK100Z. The control circuit of the
MOSFET is composed by an oscillator 555 which generates a pulsed voltage with a
frequency of 1 Hz and a width pulse of 4ms (a enough time for the expected duration
of measurements -approximately 200ns). The discharge is repetitive with the aim to
reduce noise in measurements. The constructed voltage source is shown in Fig. 3.2.5.
Figure 3.2.5.: Constructed voltage source according to diagram shown in Fig. 3.2.4
The voltage generated by the source without load is shown in Fig. 3.2.6. It is possible
to see a front time of approximately 40 ns, equivalent to 8 µs in full scale system.
66
-­‐450	  
-­‐400	  
-­‐350	  
-­‐300	  
-­‐250	  
-­‐200	  
-­‐150	  
-­‐100	  
-­‐50	  
0	  
0	   100	   200	   300	   400	   500	   600	   700	   800	  
vo
lt
ag
e(
V
)	  
Time	  (ns)	  
Figure 3.2.6.: Voltage generated by voltage source without load
3.2.4. Overhead distribution line
The line is a copper conductor, 5 m long, 5 cm height and with a radius of 0.46 mm.
It is placed on the ground plane using wood poles. The line at full-scale system is
equivalent to a 1 km line, 10 m height and 80 mm radius.
3.2.5. Measuring System
The required bandwidth is given by the maximal frequency to be measured in the
experiment. Considering that the minimum front time to be measured is approximately
40 ns, the bandwith required is 50 MHz. An adequate sample time for the induced
voltages signal generated could be 1 ns. According to this, an oscilloscope Tektronix
with a bandwidth of 100 MHz, a sample rate of 1GS/s and a resolution 1 mV/div was
used (See Fig. 3.2.7). It was used a voltage probe Tektronix P2220 with a bandwidth
of 200 MHz. The current probe used was the Tektronix 6022 with a bandwith of 120
MHz and a sensibility of 1 mA/mV. The measurement probes used are shown in Fig.
3.2.8.
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Figure 3.2.7.: Osciloscope used for measurements
3.3. Constructed Reduced Scale Model
The first step to construct the reduced scale model was to fix the return stroke
channel. It was supported by means of a nylon wire that pass for two pulleys placed
one on a lighting pole and the other on the roof of the wood structure shown in
Fig. 3.2.1. The constructed reduced scale model is shown in Fig. 3.3.1. The voltage
source was connected to the channel base by a short coaxial cable (10 cm). The UPS
fed the voltage source and the oscilloscope. Those equipments were placed below the
aluminium plates in order to be shielded from the electromagnetic field generated by
the return stroke channel.
Two arrangements of the terrain were implemented in the reduced scale model wich
are listed as follows:
3.3.1. Flat ground
The first arrangement is shown in Fig. 3.3.1. It is a flat ground plane composed by
overlapped aluminium plates. Because of the small height of the objects that supports
the return stroke channel, the designed metallic structure of 0.8 m in height was not
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Figure 3.2.8.: Voltage and current probes used for the measurements
used and instead bricks were used to support the metallic structure. A 5 m long line
with a height of 5 cm with open ends was placed above the ground plane, 0.8 m from
the return stroke channel. The induced voltage was measured at both line extremities
of the line.
3.3.2. Non-Flat Ground
The second arrangement was a double inclined terrain with an inclination angle α =
11◦, and with an overhead line 5 m long and 5 cm height with open ends. The line
was placed 0.88 m from the lightning channel and parallel to the terrain, as shown in
Fig. 3.3.2.
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(a) Side View
(b) Front View
Figure 3.3.1.: Constructed Reduced Scale Model
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Figure 3.3.2.: Arrangement of non-flat ground
3.4. Methodology for calculating lightning induced
voltages
In order to simulate the behaviour of the reduced scale model, the finite difference
time domain method (3D-FDTD) codes described in chapter 2 were used [76]. It was
simulated a metallic plate 3 × 10 m2 with a very high conductivity (σ=1e8 S/m),
surrounded by a concrete space (corresponding to the soccer field where the model
was placed, See Fig. 3.1(b)). The concrete conductivity was assumed to be σ=7.14
mS/m.
The grid dimensions were 15 (in x )×10 (in y) ×6 (in z ) m3 (see Fig. 3.4.1) and the
space step was set as 4x = 4y = 4z = 0,05 m, due to the available computational
capability.
The simulated non-flat ground arrangement is shown in Fig. 3.4.2. The inclined
terrains were represented by staircases in 3D [76] and the space step was reduced
to 4 = 0,025 m, in order to better represent the terrain and the fields below the line.
The grid dimensions were reduced to 7 (in x )×3 (in y) ×5.6 (in z ) m3 with the aim
to conserve the available computational space.
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Figure 3.4.1.: Configuration on flat ground to calculate lightning induced voltages
on the Reduced Scale Model
Figure 3.4.2.: Configuration on non-flat ground to calculate lightning induced
voltages on the Reduced Scale Model
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It was simulated a lightning channel with a base current characterized by a peak value
of 88 mA and a front time of 40 ns. It was represented by a Heidler function [21] given
by the following parameters: I01 = 88 mA, τ11 = 30 ns, τ12 = 1 s. The comparison
between Heidler function used and the measured current at channel base, is shown in
Fig. 3.4.3.
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Figure 3.4.3.: Comparison of current at channel base: measured at Reduced Scale
Model and assumed for FDTD simulation
It is important to highlight that the measurements are valid only for a time t, due
to the reflections of the current at top of the channel that can influence the induced
voltage. The time t is given by [67]:
t =
H
v
+
R
c
(3.4.1)
Where
H is the height of the channel
v is the return stroke channel velocity
R is the distance from the top of the channel to the measurement point
c is the speed of light
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For the case studied in this thesis:
t =
5m
27m/µs
+
5,077m
300m/µs
= 202ns (3.4.2)
For this reason, hereinafter the maximum measurement time shown will be 200 ns.
The lightning channel was placed at the middle of the working space. For simplicity,
it was used a TL model to represent the return stroke current along the channel
[85][86]. It has been simulated the height of the constructed channel (5 m) and its
return stroke velocity (27 m/µs) (See Section 3.2.2).
The Full Wave model [48] is used along this chapter in order to calculate the lightning
induced voltages.
3.5. Comparison between induced voltages obtained
by FDTD and measurements of the reduced
scale model
Here, the comparison of the measurements obtained in the reduced scale model with
the FDTD simulation is presented.
3.5.1. Flat ground
The comparison is done between the measurements obtained in the arrangement of
Fig. 3.3.1 and the simulations done in the arrangement of Fig. 3.4.1. The comparison
of the induced voltage at left extremity of the line in Fig. 3.4.1 is presented in Fig.
3.5.1. (Due to symmetry, the result of the right extremity is not presented).
Three kinds of oscillations are found in the reduced scale model:
1. Those generated by the voltage source, with an identified period of 100 ns.
2. Those produced at the top of the lightning channel. It has a period of 185 ns.
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Figure 3.5.1.: Comparison of induced voltage obtained at left extrimity in Fig. 3.4.1
by two methodologies: Reduced Scale Model and FDTD
3. Those produced at end of line due to its open extremities, with a period of 33 ns.
The two first are not seen at the measurements presented. In the first case because
the smaller magnitude of the oscillations compared with the maximum voltage. The
second kind of oscillations are not seen because the time windows employed. Only
the third kind of oscillations are seen in the measurements. In the simulations the
oscillations produced by the open ends were filtered.
In general is seen a good agreement between the two methodologies, especially in the
first 70 ns.
3.5.2. Non-flat ground
For this case, the comparison is done between the arrangement of the reduced scale
model shown in Fig. 3.3.2 with the simulated presented in Fig. 3.4.2. The comparison
of induced voltages calculated at left extremity of the line is shown in Fig. 3.5.2. (The
voltages at right extremity are very similar). It is possible to see a good agreement
between the result of the reduced scale model and the simulation with FDTD. The
oscillations have the same explanation as the presented in the last section.
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Figure 3.5.2.: Comparison of induced voltage for non-flat ground obtained by two
methods: Reduced Scale Model and FDTD
3.6. Conclusions
The design and construction of a reduced scale model that considers a non-flat terrain
were done. The different parts of the model were probed with similar results to the
registered on literature. The measured propagation speed on the return-stroke channel
compared well with a real lightning discharge: 10 % of the speed of light and a surge
impedance near 4000 Ω [67]. The constructed voltage source is able to supply a
negative voltage of 350 V with a front time of 40 ns. The latter is equivalent in the
real system to a front time of 8 µs which is within of the range of typical lightning
measurements. The voltage level is enough to induce a measurable line voltage at the
line extremities. The overhead line in the reduced scale model is equivalent in the
real system to a 10 m in height and 1000 m in length. The measuring system was
designed to measure the expected wave-shapes resulting from the reduction of the
time according to a scale factor of 1:200.
The flat ground arrangement was constructed with the aim to validate the performance
of the reduce scale model while the non-flat ground geometry was chosen by its
simplicity to implement. It is important to highlight that the arrangements done in
the experiment don’t represent real configurations of non-flat ground. It serves only
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to validate the numerical codes developed with this aim.
In general the measurements and FDTD calculations are similar among them, except
for some oscillations seen in the measurements explained by the reflections at the
open ends of the line. It allows to validate the numerical codes developed for non-flat
terrains for the configuration constructed in the reduced scale model.
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4. Improvements on the design of
overhead distribution lines located
on mountains against lightning
induced voltages
In this chapter, the influence of real mountains on lightning induced voltages is
investigated. For this, the developed codes presented in Chapter 2 and validated
in Chapter 3 are used. A real overhead distribution line located on the mountains of
Colombia is analysed with the aim to show its behaviour against lightning. Finally,
some improvements on the design of distribution networks located on mountains is
presented.
4.1. Considerations on the construction of overhead
distribution networks located on mountains
In rural zones of Colombia it is recommended that the main feeder of distribution
networks of 13.2 kV and 11.4 kV must be constructed by wires with cross sectional
areas between 100 mm2 and 125 mm2 [91]. The existing circuits are built with radius
in ASCR of 4/0 AWG with an approximate radius of 6 mm. The secondary feeders
have conductors of 2 AWG with an approximate radius of 2.5 mm.
The recommended structure in rural zones of Colombia is presented in Fig. 4.1.1. It is
composed of wood or concrete poles with a height of 12 m and with the lowest phase
conductor at a height of 10 m.
Figure 4.1.1.: Structure for distribution network in rural zones of Colombia. The
units are in (mm)
4.2. Simulation of real lines over non-flat
topographies
With the aim of estimating the behaviour of distribution lines over actual mountains
affected by lightning, the codes developed in this thesis were modified to include real
topographies. The steps required to perform the simulation were: First a .kmz file of
the distribution line was created and loaded in Google Earth. In Google Earth, the
topographies below the line were identified. Later, these topographies were obtained
by means of Global Mapper as a .xyz file that was loaded in the geometrical module
of the codes of the thesis. The loaded geometry is represented by means of staircases
as described in Section 2.3.2, while the distribution line is modelled as a Thin Wire
varying in the x-y-z direction [48][45].
An example of a loaded topography is presented in Fig. 4.2.1. The distribution line
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is the red line and the lightning channel is the purple line.
Figure 4.2.1.: Example of a loaded topography in the 3D FDTD codes of the thesis.
Distribution line (red line) and lightning channel (purple line).
4.2.1. Simulated Circuit
The distribution network chosen for the analysis is a circuit located in Cundinamarca
state of Colombia. The view of the circuit loaded in Google Maps is shown in Fig.
4.2.2.
The circuit is simulated by segments with the aim to reduce the computational
capacity required for the overall circuit. The influence of the local relief below each
line segment is analysed.
For the calculation of lightning induced voltages, the 3D-FDTD method with the
Thin Wire approximation was employed. For each case, a different working volume
was chosen, with an spatial resolution of 5 m. Each relief was assumed to be a
perfectly conducting ground. To limit the computational space, all the cubic surfaces
was treated as Liao’s Absorbing Boundaries of second-order [78]. The return stroke
was placed at the higher points of the mountains, for being the most likely points of
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Figure 4.2.2.: View of the chosen Circuit in Cundinamarca state of Colombia
strike. The return stroke was represented by the MTLE model [81] with an atenuation
constant λ = 2000 m, and a return stroke velocity of 130 m/µs. The return stroke
channel was simulated by a current given by Ip = 12 kA and di/dt = 40 kA/µs [84].
Each pole of the line was placed 10 m above the terrain. The considered radius of the
line was 5 mm.
4.2.1.1. Relief A
In this case, the overhead line cross a relief formed by an U-shaped valley as shown in
Fig. 4.2.3a. The geometry loaded for the codes are shown in Fig. 4.2.3b. The location
of the return stroke and the line are shown in Fig. 4.2.3c. The line is 520 m long.
The induced voltages calculated at both line extremities and at the middle of the line
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(a) Google Earth View
(b) 3D view (c) Plan View
Figure 4.2.3.: Relief A. Line that cross an U-shaped valley. (The unspecified units
are in meters)
are shown in Fig. 4.2.4a. In addition, the induced voltage considering flat terrain is
presented in Fig. 4.2.4b. The induced voltage on the mountains is approximately 5
times the equivalent voltage calculated for flat terrain. In order to verify the induced
voltage dependence on line height, Fig. 4.2.5 shows the induced voltage for flat terrain
considering heights of 95 m and 48 m (the maximum height and the average height
of the line, with respect the ground, respectively). It is possible to see a similar result
for the case of a line height of 48 m at the middle of the line compared with Figure
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Figure 4.2.4.: Induced Voltages at both line extremities and at middle of line on
Relief A (Fig. 4.2.4)
4.2.4, but not at the line extremities. The purpose of this comparison is to find an
easy methodology to calculate induced voltages for non-flat terrains on the basis of
the calculation considering a flat terrain.
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(b) Line Height 48 m
Figure 4.2.5.: Induced Voltages at both line extremities and at the middle of the line
for flat terrain considering two heights of line
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4.2.1.2. Relief B
Fig. 4.2.6 shows Relief B. In this case, the line has a length of 419 m and is located
between a hill and a flat terrain. The return stroke channel is located at the top of
the mountain. The induced voltage at the line extremities and at middle of line in the
presence of the mountain is shown in Fig. 4.2.7a while the induced voltage without
the presence of the mountain is shown in Fig. 4.2.7b. As in the previous cases, the
induced voltages for mountain terrains could be 2 to 3 times larger than the equivalent
for flat terrains.
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Figure 4.2.6.: Relief B. (The not specified units are in meters)
84
-­‐15	  
-­‐10	  
-­‐5	  
0	  
5	  
10	  
15	  
20	  
25	  
30	  
35	  
40	  
0	   1	   2	   3	   4	   5	   6	   7	  
vo
lta
ge
(k
V)
	  
Time	  (μs)	  
Begin	  
End	  
Middle	  
(a) Induced voltage with mountain
-­‐1	  
0	  
1	  
2	  
3	  
4	  
5	  
6	  
7	  
8	  
9	  
0	   1	   2	   3	   4	   6	   7	  
vo
lta
ge
(k
V)
	  
Time	  (μs)	  
Begin	  
End	  
Middle	  
(b) Induced voltage for flat terrain
Figure 4.2.7.: Induced Voltages at both line extremities and at middle of line on
Relief B (Fig. 4.2.6)
4.2.1.3. Relief C
This configuration is shown in Fig. 4.2.8. The line is 833 m in length and goes down
from the top of a mountain. The return stroke channel is located at the top of the
mountain. The induced voltage at the line extremities and at the middle of line are
shown in Fig. 4.2.9 in presence of the mountain and without the mountain (flat
ground). It is possible to see an increment of the over-voltage of almost three times
with respect to the flat ground case.
4.2.1.4. Relief D
This case is a line between two mountains, as is shown in Fig. 4.2.10. The length of the
line is 930 m. The strike is next to the beginning of line as is shown in Fig. 4.2.10c. The
induced voltages for this configuration are shown in Fig. 4.2.11a. Compared with the
flat-ground case (Fig. 4.2.11b), the induced voltages are approximately 4 times larger
with a considerable change in the waveform of the signal specially at the beginning
of the line.
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(a) Google Earth View (b) 3D view
(c) Plan View
Figure 4.2.8.: Relief C. (The not specified units are in meters)
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Figure 4.2.9.: Induced Voltages at both line extremities and at middle of line on
Relief C (Fig. 4.2.9)
(a) Google Earth View (b) 3D view
(c) Plan View
Figure 4.2.10.: Relief D. Line between two mountains (The not specified units are in
meters)
.
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Figure 4.2.11.: Induced Voltages at both line extremities and at middle of line on
Relief D (Fig. 4.2.4)
Table 4.2.1.: Summary of induced voltages for each relief. Values in kV
– Flat Terrain Mountain –
Relief Begin End Begin End Fi
A 10.6 11.2 54.0 20.6 5.1
B 4.5 7.6 15.3 27.7 3.7
C 2.9 8.5 10.4 33.2 3.9
D 11.4 4.3 42.2 9.4 3.7
4.2.1.5. Summary of induced voltages for each relief
In Table 4.2.1 the voltages at the beginning and at the end of the line are presented.
Also it is presented the factor of increase (fi) defined as the relation between the
maximum induced voltage for a mountain in comparison with the flat terrain. The
values of (fi) are between 3.7 and 5.1 for the simulated terrains.
4.2.2. Parameters that influence lightning induced voltages on
distribution networks located on mountains
Some criteria that define mountains are elevation, volume, relief and steepness [92][93].
For induced voltages calculation, factors as elevation and volume are negligible, while
the line profile (the height respect to ground), the relief and steepness could be the
88
Table 4.2.2.: Summary of the profile for each relief
Relief Maximum Profile (m)
Relief A 115
Relief B 65
Relief C 100
Relief D 210
most important. In this section, the line profile and the steepness of the relief analysed
previously are shown.
4.2.2.1. Line Profile
Because induced voltages have been traditionally calculated considering flat ground,
little importance has been given to the line profile or, in other words, to the height
with respect to the ground of each segment of the line. Nevertheless, according to
Rusck formula, the induced voltage is proportional to the height of line. For example,
in the analysed circuit the lines have maximum heights ranging from 60 to 200 m.
The line profiles are shown in Fig. 4.2.12. It is possible to see the higher heights at
profile A and C, which is confirmed in Table 4.2.2. A summary of the factor of increase
(fi) versus the maximum profile of the line is shown in Fig. 4.2.13. It is possible to
see a constant value of 3.7 for reliefs B, C and D, except for the relief A with a value
of 5.1.
4.2.2.2. Steepness
The slopes of each relief according to Fig. 4.2.12 are presented in Table 4.2.3. The
maximum slope of the terrains analyzed lies between 9 and 35 degrees. In the case
of the mountains in Japan, which are typically V-shaped valleys, angles ranging from
20 to 35 degrees are observed [94].
The relation between the steepness of the terrain and the (fi) factor is shown in
Fig. 4.2.14. This value is approximately constant for the three configurations, with a
higher value for relief A.
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Figure 4.2.12.: Profiles for each relief
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Figure 4.2.13.: Factor of increase (fi) versus the maximum profile of the line
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Table 4.2.3.: Summary of the steepness for each relief
Relief Negative Slope Positive Slope Maximum Slope
Relief A -23 35 35
Relief B 8.6 8.6
Relief C -11 6.8, 20.4 20.4
Relief D -26 28 28
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Figure 4.2.14.: Factor of increase (fi) versus the maximum steepness
4.3. Improvements on the design of distribution
networks located above mountains
Since the results presented in Section 4.2.1 showed important increments on lightning
induced voltages on distribution networks located on mountains, the conclusion is
that the insulation level must be increased on distribution lines over mountains. The
factor of increasing the insulation depends on the configuration of mountain and line
analysed. Nevertheless, the decision of increasing the insulation level must be given
by a deeper analysis that considers a great number of strikes over the mountain. For
this, a Monte Carlo simulation could be useful, such as the proposed by the Standard
IEEE 1410 2010. Nevertheless, the distribution of strikes surrounding the line cannot
be uniform, because the different probability of each impact along a mountain. To
establish these probability, the information of a lightning location system could be
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used. For example, the Fig. 4.3.1 shows the total number of strikes surrounding the
previous analysed circuit registered by the LINET lightning detection network, during
the years 2012 and 2013. (The information was provided by KERAUNOS 1).
Figure 4.3.1.: Total number of strikes registered by the LINET lightning detection
network, during the years of 2012 and 2013
Making a zoom in the circuit as shown in Fig. 4.3.2, it is possible to see the concentration
of impacts on the top of the mountain and a relatively small number of strikes near
the overhead line at the bottom. The concentration of strikes at top of the mountain is
seen in Fig. 4.3.3. In this case, the mountain serves as a natural shielding for the line,
for this reason the assumption of a non-uniform distribution of strikes is recommended
in order to perform an statistical study of induced voltages.
In accordance with this idea, several works have shown the influence of mountains on
lightning strikes. Diendorfer et al [95] shows how the ground flash density is locally
increased in the vicinity of a tower located at the top of a mountain. Additionally,
1The company in Colombia that provides the LINET data
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Figure 4.3.2.: Distribution of strikes along a zoom in the circuit
Figure 4.3.3.: Concentration of lightning on the mountain.
he concludes that for estimating of the number of strikes it is more convenient to
consider the elevation of mountain and the structure more than the structure height
itself [95]. Likewise, the study found that the average peak current on a tower is 20
% higher than to the vicinity of the tower. Also the multiplicity of flashes that strikes
towers on mountains are almost twice the average multiplicity observed to flat ground
[95].
The influence of the terrain in the performance of transmission lines have been
presented before. The standard IEEE “Guide for Improving the Lightning Performance
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of Transmission Lines”[96] consider the greater lightning exposure of towers located
on hillsides and how shielding angles are adversely affected for the slope of the hill. In
[97] an improved calculation method based on electro geometric model is presented
in order to take full account of altitudes, inclinations and ground strike distance
factor along the span, by mean of a developed program in Matlab that calculates the
shielding failure trip-out of the line.
On the contrary, the role of the terrain on lightning induced voltages calculation
has been not considered in standards like the IEEE 1410 “Guide for Improving the
Lightning Performance of Electric Power Overhead Distribution Lines”[70]. According
to the exposed in the last section, the Standard IEEE 1410 should account for the
topography that surrounds the overhead line to estimate truly the performance of
the network. The proposed methodology to estimate the lightning performance of
distribution network are as follows:
1. A large number of lightning events are generated around the line, each event is
characterized by three parameters Ip, tf and the distance y from the line. The
last parameter should has a non-uniform probability of occurrence.
2. For each indirect lightning event, the maximum-induced voltage value on the
line is calculated by means of the FDTD code developed in this thesis, which
takes into account the effect of the topography that surrounds the distribution
line.
3. The number of annual insulation flashovers per 100 km of distribution line is
calculated with the same criteria of the IEEE Std. 1410-2004.
Altough the last methodology requires a large number of simulations to obtain the
convergence of the results [70][28]. In some cases, 5000 or 10000 simulations are
needed. For the case of lines located above mountains, each simulation shown in
Section 4.2.1 takes almost 1 hour. The realization of a total statistical study is
impractical. On the other hand, the memory required to analyse the complete circuit
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of Fig. 4.2.2, considering a volume of 16 x 23 x 4 km is of approximately 850 GB, an
impractical memory capacity.
With respect the limitations presented, one of the solutions could be the development
of a new coupling model that includes the effect of the topography or the possibility
of utilization of a super-computer that allows the simulation. Future works will be
done in this field.
Since the most important solutions to improve the behaviour of distribution networks
against indirect lightning are as follows: increasing the CFO, installing ground wires
and using of surge arrester. The efectiveness of these solutions could be evaluated
by means of new curves relating the number of induced-voltage flashovers versus
distribution-line insulation level obtained by means of the previous methodology.
4.4. Conclusions
The simulation of a real circuit was useful to identify typical topographies found near
the lines located on mountains.
The induced voltages calculated on overhead lines located on mountains exhibit
greater magnitudes compared with those calculated considering flat ground. The
increase of the induced voltage for the cases simulated in this thesis was between
3.7 and 5.1 times. The factors that have a greater effect on the value of the induced
voltage are the slope of the terrain and the line height over the terrain. It coincides
with the results presented in Section 2.2, which showed the influence of a higher slope
on higher magnitudes of induced voltages.
Although the effect of finite conductivity was not presented on this chapter, it is
expected to have a significant effect in the induced voltage on mountains as it was
shown in Section 2.2. This will be a topic for future work.
According to the presented results, an improvement on the performance of the analysed
lines could be obtained with increasing the insulation level. The increment of CFO
will depend on a statistical study such as the Monte-Carlo method proposed in the
IEEE 1410 Standard for each circuit. Furthermore, the inclusion of ramifications,
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elements connected to the lines as surge arresters and transformers are important to
calculate more accurately the insulation required.
The IEEE 1410 Standard should consider the effect of the mountains and the non-uniform
ground flash density along the mountain.
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5. Conclusions, Achievements and
Future Works
5.1. Conclusions
A rigorous revision of the literature in the field of lightning induced voltages
was done. The methodologies of calculation and measurements on literature
were revised. It was found that the majority of the works were done considering
flat ground.
The simulation of overhead lines over terrains with rotational symmetry leads to
the conclusion that there exists a considerable increase of the induced voltages
specially when the slope of the terrain is higher and the conductivity smaller.
According to the simulations presented, the Transmission Line model (TLM)
described in this thesis is only applicable to the cases in that the line is parallel
to the terrain. In general, when induced voltages are calculated over non-flat
terrains, it is recommended to use some technique of full-wave analysis.
By means of the construction of a reduced scale model, the developed codes on
the thesis for induced voltages calculation on non-flat terrain were validated.
By means of the simulation of a real distribution circuit on mountain, it was
found that the induced voltages on the lines above typical relief have magnitudes,
according to the simulations done, between 3.7 and 5.1 greater than the typical
values found for flat-terrains. The parameters that affects more this values are
the slope and the line height over the terrain.
It is recommended to increase the insulation level of lines located on mountains.
The increase is determined by the topography and the location of the line on
the mountain.
It is recommended to include the effect of the terrain in the IEEE 1410 Standard.
5.2. Achievements
2D and 3D-FDTD codes were developed to calculate lightning induced voltages
on overhead lines locatated on non-flat terrains with finite and infinite conductivity.
These codes could be employed in other applications of electromagnetic compatibility.
A reduced scale model was constructed, based on the international experience,
but in this case changing the geometry of the terrain, in order to consider its
influence.
A pulsed voltage source of 690 V D.C with a front time of 20 ns was designed
and built. This source could be used to test and calibrate electrical equipments.
It was built a dispositive to measure induced voltages on overhead wires near
the strike (less than 50 m). It is autonomous of energy, with a low power
consumption and accessible via internet to its measurements.
It was developed a numerical code that allows to load the topography, the
coordinates of the distribution line and the coordinates of the lightning strike
to calculate the induced voltage along the line.
5.3. Papers
The following are the published papers in journals and events, respectively:
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5.3.1. Journals
2014. Soto, E, Perez, E, and Herrera, J. (2014). Electromagnetic field due to
lightning striking on top of a cone-shaped mountain using fdtd. IEEE Transaction
of Electromagnetic Compatibility. [73]
2014. Soto, E, Perez, E, and Younes, C. (2014). Influence on non-flat terrain
on lightning induced voltages on distribution networks. Electric Power Systems
Research, 3958, 6. [98]
2014. Soto, E, Perez, E. Design of a Reduced Scale Model To Measure Lightning
Electric Fields Over An Inclined Terrain. Accepted for publication. DYNA -
Colombia [99].
5.3.2. Conference Papers
2013. E. Soto, E. Perez and J. Herrera aˆœComparison Between Electric Fields
Near Inclined Lightning Channels and Inclined Terrainsaˆ. in Proc. Of International
Symposium of lightning Protection. XII SIPDA 2013. Belo Horizonte. Brazil.
2013. [100].
2012. E. Soto, E. Perez and C. Younes aˆœInfluence of Non Flat Terrain on
Lightning Induced Voltages on Distribution Networksaˆ. in Proc. Of International
Conference on Lightning Protection (ICLP). Viena. 2012. [101].
2011. E. Soto and E. Perez. ”Lightning Induced Voltages on an Distribution
Network over an Inclined Terrain”. in Proc. of International Symposium on
Lightning Protection (XI SIPDA). Fortaleza - Brazil. 2011. [102]
5.4. Memberships
CIGRE WG C4.37: Electromagnetic Computation Methods for Lightning Surge Studies
with Emphasis on the FDTD Method.
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5.5. Future Works
The following summarizes the activities to be developed in the future:
The simulation of topographies found in other regions of Colombia and of the
world.
The development of a new coupling model that takes into account the terrain
below the line which is desirable in order to run Monte Carlo simulation faster.
To simulate more complex networks with branches, surge arresters and ground
wires.
The inclusion of finite conductivity on the considered topographies.
The analysis of the measurements obtained on the line at Morro do Cachimbo
Station.
The optimization of the 3D-FDTD codes or the proposition of new algorithms
to improve the computational capability required to run statistical analysis on
distribution networks.
To test the standard IEEE 1410 for distribution lines located on mountains
when ground wires, insulation level and surge arresters are considered
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A. A device to measure lightning
induced voltages on Mountains
A.1. Introduction
In this chapter, the design and construction of a device to measure lightning induced
voltages on distribution networks located on mountains is presented. This project was
developed as part of an internship developed by the author at Federal University of
Minas Gerais.
The Lightning Research Center (LRC) of the Federal University of Minas Gerais
(UFGM) has a lightning research laboratory in the Morro do Cachimbo in the south
of Belo Horizonte City. It is composed by a 60 meter high mast for the measurement
of direct lightning strikes (See Fig. A.1.1 ). It is impacted in average 6 to 8 times per
year. On one side of the tower, a distribution line is located between two mountains
as is shown in Fig. A.2(a). In this line, a device will be installed to measure lightning
induced voltages, based on the experience acquired by the National University of
Colombia on measuring voltages over energized distribution network in rural zones
with high lightning activity [28]. Measurements of such type are adequated to validate
the numerical codes developed to calculate lightning induced voltages on overhead
lines above non-flat ground presented in Chapter 2.
Measurements	  of	  	  Lightning	  induced	  voltages	  
at	  Morro	  do	  Cachimbo	  Station	  
Figure A.1.1.: Tower at Morro do Cachimbo Station
A.2. Distribution network
The distribution line chosen to measure induced voltages is shown in Fig. A.1.2(b).
It is a single phase line, 700 m in length, and 10 m in height. It is composed by 11
wood poles and it is matched at both ends. The induced voltage will be measured
between phase and neutral, to obtain lower voltage values.
A.3. Instrumentation design
Here, the instrumentation implemented to acquire the measurements is described:
102
Measurements	  of	  	  Lightning	  induced	  voltages	  
at	  Morro	  do	  Cachimbo	  Station	  
(a) Line
	  
(b) Detail of Pole
Figure A.1.2.: Distribution Line at Morro do Cachimbo Station. The line used for
the measurement is shown in the right side of a)
A.3.1. Capacitive Voltage divider
The voltage divider is a VD-305A model provided by Pearson Electronics, Inc (see
Fig. A.3.1). The technical data is shown in Fig. A.3.2. The voltage divider will be
used with an insulation medium air, with a maximum expected voltage of 50 kV.
A.3.2. Osciloscope
With the aim to measure lightning induced voltages a suitable osciloscope was specified
in terms of bandwith, sample rate and vertical resolution. The chosen oscilloscope is
the Picoscope 3204A. Its specifications are shown in Table A.3.1:
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Figure A.3.1.: Pearson Capacitive Divider
Figure A.3.2.: Technical characteristics of the voltage divider
Table A.3.1.: Specifications of the osciloscope Picotech 3204A
Picoscope 3204A
Bandwidth 60 MHz
Sampling Rate 500 MS/s
Buffer Memory 4 MS
Vertical Resolution 8 bits
Time Resolution 2 ns
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A.3.3. Computer
The required computer must have features as low power consumption, small size, and
compatibility with the picoscope 3204A. A small computer as the Thin Client [103]
fulfills with the mentioned features and with the minimal memory requirements of the
Picoscope. It has a good storage capacity and a wireless card that allows the remote
access to the measured data. The table A.3.2 presents the specifications of the Thin
client computer.
Table A.3.2.: Specifications of the computer chosen
Model Thin client Supera SP2716S.
CPU Intel Atom Dual Core D2500 (1.86 GHz). 32 bits
RAM 2GB DDR3
Storage 320 GB
Wifi Wireless 802.11 b
Voltage 120-220 V AC
USB 4 USB, 2 Serial Ports
Size 190mm x 60mm x 190mm (L x W x H)
Weight 1 kg
OS Windows 7
Power consumption: 10 W
A.3.4. GPS (Global Positioning System)
In order to synchronize the time window for the measurements , a GPS 17 x NMEA
0183 HVS, GARMIN [104] was used. The connection of the GPS to the computer is
done by the serial port. It allows to update the time of the PC every minute.
A.4. Electrical Design
The electrical design of the device is aimed to be self-supplied. The electrical equipments
used to construct the device are the following:
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A.4.1. Battery
The expected power consumption of the measuring system is 10 W. For a battery of
12 V D.C., the current that the battery must provide is: I = 10 W/12V = 1 A. With
the aim to reach 19 hours of autonomy per day (taking into account 5 hours of sun in
Brazil), the total capacity of the batteries must be 1A * 19 h = 19 A.h. For batteries
of 9 Ah, the total number of batteries must be 3. To obtain a higher autonomy of the
system 4 batteries will be employed.
A.4.2. Solar Panel
Considering a power consumption of the measuring system (computer + osciloscope
+ gps) of 10 W, the total energy consumption in one day of operation is: E = 10 W
* 24 h = 240 Wh.
Considering losses in batteries of 10 %:
E = (240Wh)*(1,1) = 264 Wh.
Estimating 5 hours of sun (the average in Brazil), the power of the panel must be
P=(264 Wh)/(5h)=53W It is convenient to oversize the panel to get the required
power. For this reason, a panel of 70 W is chosen.
A.4.3. Charger Controller
A charge controller of 6 A (12V) was chosen. It is suitable for solar panel up 150 W.
A.4.4. Inverter
An inverter is required for the connection of the computer with the batteries. It is
chosen an inverter of 100 W.
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A.4.5. Boxes
Two Boxes of 40x40x20 cm were employed to store the components of the measuring
system. The contents of each box is described below.
A.4.5.1. Electrical Box
One box contains the electrical equipments which are a solar panel, 4 batteries, a load
controller and an inversor. The distribution of the equipments in the box is shown in
A.4.1.
Figure A.4.1.: Box with electrical equipments. The units are in meters.
A.4.5.2. Instrumented Box
The box with the instrumentation equipments contains: the computer, the osciloscope
and the gps. (See Fig. A.4.2)
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Figure A.4.2.: Box with instrumented equipments. The units are in meters
A.4.5.3. Material
The material of each box is steel. The boxes are completely hermetic. With the aim of
further shielding the boxes from the external electromagnetic field, these are internally
covered with aluminium paper. The conductors located outside the boxes are confined
in metallic pipes with the aim to shield it from the external lightning electromagnetic
field.
A.5. Complete list of equipments
The complete list of equipments used in the project is presented in table A.5.1.
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Figure A.4.3.: Used Boxes
Table A.5.1.: Complete list of equipments used in the project
Equipment Quantity Specification
Osciloscope 1 Piscoscope 3204A
Computer 1 10 W
GPS 1 Garmin 17X
Voltage Divider 1 Pearson 50 kV
Solar Panel 1 70 W - 12 V
Battery 4 9 A.h
Charger Controller 1 6 A
Inversor 1 100 W
A.6. Mechanical design
The design of the structures where the electrical and electronic equipments will be
installed was done in the Sketchup Program. The mechanical design takes into account
the installation of two types of equipment: the electrical and the instrumentation ones.
Each kind of equipment were grouped in separated structures fixed on each side of
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one of the poles along the distribution line of the Morro do Cachimbo Station, as
shown in Figure A.6.1. The structure to the left contains the electrical equipment
and the right structure, the instrumentation ones.
Figure A.6.1.: View of the mechanical design
A.6.1. Electrical Structure
The electrical structure was designed to support the electrical box described in Section
A.4.1 and the solar panel. The structure is basically an arrangement of iron solded
angles. The lower part serves as the support of the electrical box and the upper one
to the solar panel, as shown in Figure. A.6.2. The structure that support the solar
panel was designed with an inclination angle of 19 ◦.
A.6.2. Instrumented Structure
This structure serves as support of the Instrumented Box described in Section A.4.2
at the lower part and as support of the capacitive divider in the upper part. (See Fig.
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Figure A.6.2.: Electrical Structure
A.6.3) A metallic surface that supports the capacitive divider serves to protect the
electrical box below from rain.
Figure A.6.3.: Instrumented Structure
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A.7. Simulation of system
A simulation of the distribution network is performed to obtain the expected values to
be measured by the device. The simulation is performed for flat terrain by simplicity
and serves to find the settings of the oscilloscope.
A.7.1. Simulation
According to a view of Google Maps in the Morro do Cachimbo Station (MCS), (see
Figure A.7.1) the distance from the instrumented tower and the first pole of the line
(the possible point for the installation of the equipments) is approximately 43 m.
According to a previous measurement done at MCS, a subsequent current of 5.2 kA
was registered there, with the wave-shape shown in Fig. A.7.2. This current will be
employed in the simulation.
	  
Figure A.7.1.: Top view of Morro do Cachimbo Station
For the simulation, a distribution line of 700 m long, 10 m high (phase conductor) and
9 m (neutral conductor) connected each one to a resistance of 500 Iˆ c© (assuming the
typical surge impedance of the line) at both extremities is assumed. The simulated
terrain is a perfectly conducting flat ground plane. The return stroke channel is placed
at a distance of 50 m from the beginning of the line. The geometry of the simulation
is shown in Fig. A.7.3.
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Figure A.7.2.: Current measured at Morro do Cachimbo Station
Figure A.7.3.: Simulated line of Morro do Cachimbo Station
Two types of return stroke currents are considered in order to set the trigger value
of the picoscope: 1. Minimum Expected Current: Ip = 5 kA, tf = 2µs. 2. Maximum
Expected Current: Ip = 60 kA, tf = 5µs. The first case corresponds to a minimal
subsequent current measured at Morro de Cachimbo presented previously in Fig.
A.7.2). The current is adjusted in the minimum possible value in order to measure all
possible induction of currents, subsequent and first strokes in the tower. The voltage
between phase and neutral conductor (the latter placed at 9 m from the ground),
is shown in Fig. A.7.4. The threshold trigger is adjusted in 8 kV, according to this
simulation. The second case is a value of current above the mean value of 45 kA
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registered in Brazil and with the mean value of the front time registered at Morro
do Cachimbo station. The voltage in Fig. A.7.5 shows that the induced voltage is
higher than the expected 50 kV maximum expected value for the capacitive divider.
For this reason arcing horn device will be installed in the capacitive divider to limit
the maximum voltage measured.
	  
Figure A.7.4.: Calculated induced voltage at Figure A.7.3 for the minimum Expected
Current: Ip = 5 kA, tf = 2µs
	  
Figure A.7.5.: Calculated induced voltage at Figure A.7.3 for the Maximum
Expected Current. Ip = 60 kA, tf = 5µs
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A.8. Final constructed system
According to the design of the electronic, electrical and mechanical components of the
system, the final constructed device is shown in Fig. A.8.1. The left box is the electrical
and the right one is the instrumented box. The final disposition of the electrical box
is shown in Fig. A.8.2. As explained it is covered in its interior by aluminium paper
with the aim to improve the shielding of the equipments from external electromagnetic
fields. Finally, the Fig. A.8.3 shows the arrangement of the electronic equipments.
The constructed device was expected to be installed at Morro do Cachimbo station
in the period of October-November of 2014. Since, this thesis was written before
any data was recorded by the measuring system presents measured lightning induced
voltages. The analysis of the lightning induced voltages measured will be part of a
future journal paper.
	  
Figure A.8.1.: Final equipment constructed
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Figure A.8.2.: Final disposition of electrical equipment
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Figure A.8.3.: Final disposition of electronic equipment
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